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Preface

The rapid development of science and technology leads to improvement of human life, but
also creating of new crisis situation. Mankind is confronted with risks that have not been
seen before in human history. Global worming is one of the typical examples. Although ma‐
jority of the experts that are studying climate changes claim that global worming is a fact
and that it is caused by human, there are also scientists that doubt those statements. One of
the main problems related to critical situations is – mater of responsibility. World Govern‐
ments have to consult with experts and to estimate when to announce risk situation. Strong
political initiative is needed to start dealing with serious ecological problems such as global
worming.

Electric drive vehicles present one of the most important technological advances having in
mind spread of this kind of nature pollution. Lately there is increased world interest for so
called hybrid vehicles that have reduced fuel consumption and much less pollutants emis‐
sion than regular vehicles. Hybrid vehicles can in broadest sense be described as vehicles
utilizing combination of production and storage of energy. Good properties of conventional
vehicles (long range and acceleration, very good supply network) are combined with electri‐
cal vehicles (zero emission, quiet operation, regenerative use of braking energy).

After 1970, environmental problems and oil crises increased the interest in electric vehicles.
Especially in the United States people develop interest in EV and made it a habit to use
widely electric vehicles for golf courses, for airports, for parks and fairs. According to some
sources, one third of vehicles intended for driving on gravel roads were with electric trac‐
tion. So there was a need to develop a new industry. Late 20th century contributed to an
even greater exacerbation of conditions around the EV application. Scientists have become
aware that environmental pollution is becoming larger, the emission of exhaust gases and
particles affect climate change and that non-renewable energy sources under the influence
of high demand and exploitation are becoming more expensive and slowly deplete. On the
development of modern EV have been working both large and small manufacturers of mo‐
tor vehicles. EV still has significant problems arising from low-volume production so that
these vehicles are still expensive and thus less attractive. In the first place it is air-condition‐
ing for passengers and a relatively small possibility of storing electricity in batteries.

Barriers associated with implementation of the electrical technologies may be significant.
These barriers may include technological feasibility, cost, legal and regulatory issues, public
concerns, infrastructure, energy efficiency and other factors. Reduction or removal of these
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barriers and providing appropriate incentives will have a strong influence on the desirabili‐
ty and effectiveness of these programs.

Goal of this book is to bring closer to the readers new drive technologies that are intended to
environment and nature protection.

The book is divided into two sections. The first section deals with the current status and
trends of development of electric vehicles, while the second section deals with the modeling
and computer design of EV.

Prof. Zoran Stević
University of Belgrade,

Technical faculty in Bor,
Serbia
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Chapter 1

Present and Future Role of Battery Electrical
Vehicles in Private and Public Urban Transport

Adolfo Perujo, Geert Van Grootveld and
Harald Scholz

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54507

1. Introduction

"Electricity is the thing. There are no whirring and grinding gears with their numerous levers to confuse. There is not that almost

terrifying uncertain throb and whirr of the powerful combustion engine. There is no water circulating system to get out of order –

no dangerous and evil-smelling gasoline and no noise." 1

The OECD estimates that more than 70% of the developed world population lives in urban
environments2, which explains a larger concentration of vehicles there. In the EU-27, there
were about 230 million passenger vehicles in 2007 and the new vehicle sales were nearly 16
million vehicles in that year. Notwithstanding the improvements in regulated air pollutants
from road transport, the urban population remains at higher risk levels by directly suffering
the impact of conventional vehicles because of their closeness to the pollutant source. On
one hand urbanization means that people when travelling in their urban environment will
typically travel less than 100 km a day. And on the other, that a large percentage of all trans‐
port and delivery of goods will take place in urban areas. Acceleration and deceleration fre‐
quency, traffic jams, thus energy efficiency and pollution per km are worst within urban
traffic. Many business cases exist for urban electrified road transport because these offer a
lower Total Cost of Ownership (TCO) than conventional means already today. The above

1 Thomas Alva Edison (February 11, 1847 – October 18, 1931)
2 See e.g., p. 17 in " Trends in Urbanisation and Urban Policies in OECD Countries: What Lessons for China?", OECD
and CDRF, http://www.oecd.org/urban/roundtable/45159707.pdf

© 2012 Perujo et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2012 Perujo et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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reasons make the urban area the cradle where the electrification of road transport can de‐
ploy its full potential of positive impact, both environmentally and energetically.

There are several bottlenecks on the take-up by economic operators and the public at large
of this technology, mainly: price of purchasing of an electric vehicle (EV), its limited range
(range anxiety) and long charging time. Most of them are related to the present available
battery technology. Improved batteries, maybe together with super-capacitors (so called hy‐
brid power-packs) will most likely represent the core of the developments. The integration
of the electrically recharging vehicle into the smart electric grid of the future, which calls for
automatic communication technologies, is another frontline of research. Advances in these
areas will probably reduce the obstacles for battery powered EVs in near future.

In  the  last  30  years  the  batteries'  energy  density  (Wh/kg)  has  increased  by  a  factor  of
four  in  three  very  well  distinctive  development  waves:  i.e.  the  development  in  1995  of
Ni-Cd  batteries  (with  about  70  Wh/kg),  that  of  Ni-MH  in  2000  (~100  Wh/kg)  and  the
third wave with  the  development  of  Li-ion batteries  in  2005 leading to  currently  about
200  Wh/kg.  With  the  present  battery’s  energy  density  a  pure  battery  electric  vehicle
(BEV) can drive ca. 150 km with one charge, already opening the door for a substantial
portion of series-produced EV models notably in urban environments.  This already ach‐
ievable all-electric  range is  larger than most of  the daily average distance of  city dwell‐
ers (in the USA about 90% of automobiles travel about 110 km daily and in Europe this
distance is even smaller,  as GPS-coupled monitoring analyses of ten-thousands of urban
based cars have meanwhile proven also experimentally).

In any introduction of a new technology the role of stakeholders (public, commercial and
private) is very important and their needs have to be understood and addressed. Because of
the role of EVs in reducing the level of ambient pollution in urban conglomerations, this
chapter will also look to different efforts and programs that some stakeholders as for in‐
stance different municipalities and regional and national governments, are setting up in or‐
der to actively support and stimulate the introduction of EVs.

Finally, the chapter will address how the above developments will support the introduction
of EVs in the urban environment; it will also describe how reduced TCO will translate into
more business cases and how this will impinge in a more general electrification of public
transport with the consequent improvement of urban ambient air quality, noise levels, etc.

2. City vehicles

There is a very noticeable development effort on small city vehicles indicating that for the
automobile industry (OEMs) the urban area represents the main niche in order to roll out
the electrification of road transport. This effort is a globalised one with examples not only
in Europe, but also in the US, China, Japan and India. In many cases demonstration is im‐
plemented by consortia of OEMs, or OEMs together with a university, or in public-private
partnership.

New Generation of Electric Vehicles4

Table 1 gives some examples of these cars besides the already launched ones in the market
like, e.g. in Europe, the Smart for two Electric Drive, i-Miev, Peugeot-ION, Citroen C-Zero,
Think City, etc..

We can conclude that OEM’s are focusing on specific market segments within cities:

• The Smart for two for instance is part of a Car sharing project in Amsterdam;

• The HIRIKO will be used in Bilbao (Spain) to study the interest of the public for ‘mobility
on demand’;

• The Renault Twizy is focused on very low purchase price and young customers;

• The VW Nils and the Audi concept are focused on individual transport.

It is noteworthy that for the city cars the OEMs are in particular concentrating in pure elec‐
tric vehicles (BEV). Also hybridization of small cars is in development, and some technolo‐
gies involved in hybridizing down-sized conventional engines, like capacitor banks of a few
hundred Farad of capacity, might be cross-fertilizing the advent of advanced technologies
also for pure electric solutions.

In the appendix further information on market share, number of BEVs per country and oth‐
er data is presented.

3. Rechargeable Energy Storage Systems (RESS) for vehicles

Rechargeable Energy Storage Systems (RESS) in vehicles include a variety of technologies,
each one providing different sizes and different levels of maturity/development. Among
these technologies we can name: Electrochemical Storage (Batteries, capacitors and notably
super capacitors), Fuel-cell (often containing also a buffer battery) electricity provision with
e.g., a hydrogen or on-board reformer fuel storage system, and (more in a niche situation)
Compressed Air Energy Storage (CAES), and Flywheels. It is noteworthy to indicate that
whatever is the chosen RESS for electrified vehicles it will be a key enabling technology for
the penetration of this class of vehicles, because it influences in a decisive way their weight,
energy efficiency, maintenance complexity and thus longevity and usability – and thus gen‐
erally their acceptance-level achievable in the market.

In figure 1 some RESS are presented. From this figure the benefits of a hybrid power pack
can be seen. These packs combine a high power density of fuel cells and batteries with a
high energy density of (super) capacitors. Also the flywheels can be located in this figure.

This section intends to give an overview on battery, super-capacitors and hybrid power-
pack (batteries plus super capacitors) developments that in a near future will probably re‐
duce the obstacles, questions and doubts that potential users might have, and thus helping
to bridge the gap between early adopters of the technology and the public at large.

Present and Future Role of Battery Electrical Vehicles in Private and Public Urban Transport
http://dx.doi.org/10.5772/54507
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Model Characteristics View

Peugeot BB Concept car, 4 seats, range of 120 km

VW E-Up 4 seats and a range of 130 km (announced to

come on the market in 2013)

Toyota iQ FT-EV Range 150 km (it will be in 2012 on the

market)

Gordon Murray T-27 Range up to 160 km, weight under 680 kg,

now entering the investment phase

Kia Pop Range of 160 km, still a concept car

HIRIKO New concept of urban mobility, developed by

MIT, it will be introduced in Bilbao in 2013

VW Nils One seater, light weight city car. It is a concept,

for 2020

Audi City Car It is still a concept car

Mahindra REVAi Range of 80 km and a lead battery. It is a cheap

car, coming soon to the EU market.

Visio.M city EV (BMW &

Daimler)

The aim is to develop a car with low price and

low weight

Renault Twizy A low priced and low weight (500kg) city car.

The battery is leased. The range is 100 km. The

car is on the market since 2012.

Table 1. Some examples of small city vehicles either in the process of being launched into the market or at concept stage

New Generation of Electric Vehicles6

Figure 1. Energy density versus power density of different systems3

3.1. Batteries

There are many possible chemistries (battery technologies) that are considered as possible
viable options to be used in an electrified vehicle (either BEV or HEV). They range from the
very well-established, but comparatively heavy lead-acid batteries to others still in its re‐
search stage as Li-air, Al-air or Fe-air batteries passing through Li-ion batteries that repre‐
sent currently the most used battery-type in commercial BEV.

It is not the intention of this chapter to give an exhaustive insight4 on the chemistries of each
of these batteries but rather to indicate the advantages and drawbacks as well as the possible
gains in the future of new battery types still at the laboratory stage in terms of cost and spe‐
cific energy/power, as these will strongly influence the viability of electrified vehicles.

Figure 2 shows a possible battery technology development roadmap indicating some char‐
acteristics of the here discussed batteries technologies.
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Model Characteristics View
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for 2020

Audi City Car It is still a concept car

Mahindra REVAi Range of 80 km and a lead battery. It is a cheap

car, coming soon to the EU market.
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Table 1. Some examples of small city vehicles either in the process of being launched into the market or at concept stage
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Figure 1. Energy density versus power density of different systems3
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Figure 2. Battery technologies roadmap and characteristics

McKinsey argued in a paper that there are three important factors that could accelerate the
development of electric vehicles. These are the manufacturing at (large industrial) scale,
lower component prices, and boosting of battery capacity [1].

Table 2 shows some target performance parameters stated for batteries in electrified vehi‐
cles for the years 2015, 2020 and 2030 in a Technology Roadmap published by the IEA in
2009 [2].

Energy density (Wh/kg) Power density (W/kg) Costs (Euro/kWh)

2010 100 1000 - 1500 1000 - 2000

2015 150 1000 - 1500 250 - 300

2020 200 - 250 1000 – 1500 150 - 200

2030 500 1000 - 1500 100

Table 2. Expectations on battery performances [2]

Table 2 indicates that the energy density is expected to improve by a factor 5 and that the
costs are expected to be reduced by a factor 10 within the next 20 years. These two parame‐
ters (energy density and costs) are seen to be the limiting factors of today’s BEV. By increas‐
ing the energy density the range an electric vehicle can drive will be extended substantially
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leading to fewer stops for recharging. This should boost EV usability especially in typical
urban use. Decreasing the costs of the battery will lead to substantially cheaper electric vehi‐
cles, enabling more purchases by the public and fleet investors, due to more sound business
cases for commercial use of BEVs.

The cycle-stability is an equally important parameter in applied battery chemistry. The at‐
tractiveness for automotive applications is not only dependent on the costs, the power den‐
sity and the energy density of a battery, but also on the number of battery cycles that can be
guaranteed.

3.1.1. Lead-acid batteries

The use of lead-acid batteries in electrified vehicles is mainly in industrial vehicles (e.g. fork‐
lifts, which must be heavy) because although at very affordable cost levels (100 – 150 $/
kWh), the weight of lead representing about 60% of the weight of the battery translates into
a low specific energy (30-50 Wh/kg), making this technology not competitive for most of
electric road transport vehicles (even HEVs). It also suffers from a limited lifetime (3 – 5
years). It remains to be seen if lead-acid battery companies can substantially enter the mar‐
ket of micro-hybrid cars in view of small intermediate storage batteries as compared to the
concurring battery technologies or modern, compact and lighter capacitor banks / superca‐
pacitor units. At stake is a potential for growth of micro-hybridisation for small cars in the
medium term (5-10 years).

3.1.2. Nickel-metal hydride batteries

The use of Nickel-metal hydride batteries (NiMH) had been considered a sufficiently good
intermediate stage for application in electrified vehicles (see e.g., the more than one million
Toyota Prius sold with NiMH technology, and ca. two million hybrid cars running on
NiMH world-wide.) Clearly outperforming NiCd batteries, they were the choice as long as
there were still concerns on the maturity, safety and cost of Li-ion batteries. As NiMHs’ spe‐
cific energy (< 100 Wh/kg) cannot meet the requirements for full electric vehicles, it has been
mainly used in hybrid vehicles (both HEVs and PHEVs) of limited storage capacity require‐
ments. For PHEVs, NiMH on-board storage capacity arrived at electrical ranges of typically
30 km. There exist concerns on the supply of rare earths (typically mischmetal) and nickel in
their anode respectively, cathode. The relatively high content of Ni and possibly rising Ni
prices limit further the prospects of reducing their cost and thus use in future EVs.

3.1.3. Lithium-ion batteries

These batteries represent the most actual, wide-spread application in new BEVs world-wide.
Nowadays BEVs with ranges above 150 km have all in common that the on-board storage is
provided by Li-ion battery packs, often containing some sort of thermal control devices. The
name of Li-ion batteries covers a large number of chemistries; indeed, if only a small num‐
ber of them are actually in use, the list of potential electrode materials is quite large. On the
other hand, possible electrolytes range from the mostly used solutions of lithium salts in or‐
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cases for commercial use of BEVs.

The cycle-stability is an equally important parameter in applied battery chemistry. The at‐
tractiveness for automotive applications is not only dependent on the costs, the power den‐
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ket of micro-hybrid cars in view of small intermediate storage batteries as compared to the
concurring battery technologies or modern, compact and lighter capacitor banks / superca‐
pacitor units. At stake is a potential for growth of micro-hybridisation for small cars in the
medium term (5-10 years).

3.1.2. Nickel-metal hydride batteries

The use of Nickel-metal hydride batteries (NiMH) had been considered a sufficiently good
intermediate stage for application in electrified vehicles (see e.g., the more than one million
Toyota Prius sold with NiMH technology, and ca. two million hybrid cars running on
NiMH world-wide.) Clearly outperforming NiCd batteries, they were the choice as long as
there were still concerns on the maturity, safety and cost of Li-ion batteries. As NiMHs’ spe‐
cific energy (< 100 Wh/kg) cannot meet the requirements for full electric vehicles, it has been
mainly used in hybrid vehicles (both HEVs and PHEVs) of limited storage capacity require‐
ments. For PHEVs, NiMH on-board storage capacity arrived at electrical ranges of typically
30 km. There exist concerns on the supply of rare earths (typically mischmetal) and nickel in
their anode respectively, cathode. The relatively high content of Ni and possibly rising Ni
prices limit further the prospects of reducing their cost and thus use in future EVs.

3.1.3. Lithium-ion batteries

These batteries represent the most actual, wide-spread application in new BEVs world-wide.
Nowadays BEVs with ranges above 150 km have all in common that the on-board storage is
provided by Li-ion battery packs, often containing some sort of thermal control devices. The
name of Li-ion batteries covers a large number of chemistries; indeed, if only a small num‐
ber of them are actually in use, the list of potential electrode materials is quite large. On the
other hand, possible electrolytes range from the mostly used solutions of lithium salts in or‐
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ganic liquids to ionic conducting polymers or ceramics additions to polymers. The current
advantage position for this technology is based on its relatively high specific energy (it has
reached 160 Wh/kg respectively, 450 Wh/l) however, at present, cost is still a drawback (700
– 1000 $/kWh). The main efforts are thus directed to decrease its cost and to increase its per‐
formance level keeping the system safe. There seems to exist a trade-off between perform‐
ance of the cathode material and its safety. While cathodes made of LiFePO4 depict good
safety records its performance in terms of specific energy is poorer than, for example, Li‐
CoO2. However, the latter has a worse safety performance. LiFePO4 also have a compara‐
tively high amount of useful charging cycles during their life-time.

Present research concentrates on the development of an advanced Li-ion batteries exploring
the capacity limits of the system through the development of new cathode and anode mate‐
rials in combination with higher voltage (up to 5V) which will require new electrolytes and
binders. Breakthroughs are expected from the combination of so called 5V or high capacity
(and then lower voltage) new positive electrode materials and intermetallic new anodes [3].

3.1.4. High temperature Na - β alumina batteries (Na-S and Na-NiCl2)

The first prototypes of this battery type were introduced at the end of the 60s and contained
sulphur as the positive electrode and the sodium β”-alumina as solid electrolyte. This mate‐
rial is an electronic insulator and exhibits sodium ion conductivity comparable to that of
many aqueous electrolytes. However, to achieve enough electrochemical activity the Na-S
battery operates between 300 and 350°C. Because of safety concerns, a derivative of this
technology, based on the use of NiCl2 instead of sulphur and termed ZEBRA battery [4], was
later developed and evaluated for use in automotive applications. It has the advantage of
being assembled in the discharged state and hence without the need of handling liquid so‐
dium. As far as performance is concerned, its specific energy is relatively close to that of Li-
ion batteries (115 Wh/kg), it has strongly improved its specific power (400 W/kg) and it has a
relative low cost (600 $/kWh) although still between 4 to 6 time higher than the target set in
many EV developing programs [5].

3.1.5. Other battery technologies

There are other battery technologies in the research stage that might in future meet the tar‐
gets needed in electrification of road transport. We can mention among others Li-S [6], [7]
and Li-air [8], [9] batteries (see figure 3). In particular they have demonstrated a specific en‐
ergy5 about 300 Wh/kg. However, other aspects as life-time, achievable cycles over lifetime
and specific power still need further research to meet the challenge.

In the line of using ambient air (oxygen) as the cathode, other materials such as Zn, Al and
Fe can be used instead of Li. However, those systems are still in their infancy and at differ‐
ent stages of development. Developments on their recharge ability, air electrodes (porous
design) cycle stability and safety are among the areas to be addressed.

5 This value is at cell level (research object) as for a battery pack is expected to be lower due to the extra weight of
materials used for packing and interconnection of the cells.
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Figure 3. Scheme of a Li-air battery

3.2. Electrochemical capacitors

These devices are sometimes referred to as 'ultra-capacitors' or 'supercapacitors' but these
latter are rather commercial names.

Electrochemical Double Layer Capacitors refer to devices that store electrical energy in the
electric double layer (EDL), which is formed at the interface between an electron conducting
surface and an electrolyte. The EDL may be considered as a capacitor with two electrodes;
the capacitance is proportional to the area of the plates and is inversely proportional to the
distance between them. Their capacitance is very large because the distance between the
plates is very small (several angstroms). The energy stored by such capacitors may reach 5
Wh/kg but they are power systems which can deliver their storage energy in a few seconds
(up to 5s). Therefore, they are intermediates between batteries (high energy, low power den‐
sity) and conventional capacitors (high power low energy density) and thus, they are com‐
plementary to batteries and are not in competition with them.

Supercapacitors are already used in transportation applications. They have been announced
to be used in the starter/alternator of micro-hybrid cars and are under study by many car
manufacturers (Toyota, BMW, Renault, PSA). Recently Ford and Ricardo UK announced6

the results of the HyBoost project, powering a small additional electric turbo-charging tur‐
bine for a down-sized thee-cylinder engine via such a fast ultracapacitor device of ca. 200 F
capacity. Together with their outstanding cycle life, another key feature of EDLC systems is
that, unlike Li-ion batteries, they can be recharged as fast as discharged. This is why they are
used today in large-size applications for energy recovery in trams in Madrid, Paris, Man‐
nheim and Cologne. There is hope, that a certain cross-fertilization in this area will happen

6 http://www.theengineer.co.uk/in-depth/analysis/hyboost-programme-promises-engine-efficiency/1010742.article.
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between different improved road transport technologies, which may enable mass-produc‐
tion of EDLC systems sooner than later.

Supercapacitors (ultra-capacitors) have the ability to charge in a very short time however, its
energy density is quite low and therefore by using only supercapacitors the electric range of
an EV would not be sufficient. Consequently, the ideal situation would be combining both
batteries and supercapacitors, which however requires a much more complicated voltage
management.

3.3. Challenges

The performance of BEV and its competitiveness are closely linked to the performance of
available battery systems in term of their specific power, efficiency and battery cost. In a re‐
cent paper Gerseen-Gondelach and Faaij [10] explored the performance of batteries for elec‐
tric vehicles in the short and longer term. They review the different battery systems in term
of performance and cost projection including sustainability aspects and learning curves.
They concluded that well-to-wheel (WtW) energy consumption and emissions of BEVs are
lowest for those with lithium-ion batteries, and that in the medium term only Li-ion batter‐
ies will have a specific power level of 400 W/kg or higher. Other battery systems like Li-S,
Li-Air need efficiency improvements towards 90% to reach Well-to-Wheel (WtW) energy
consumption of the BEV as low as found with Li-ion batteries. The author argued that al‐
ready today, despite improvable efficiency levels, all batteries-types can enable similar or
lower WtW energy consumption of BEVs compared to traditional internal combustion en‐
gine (ICE) vehicles: The WtW emissions are 20 – 55% lower using the EU electricity genera‐
tion mix. Battery prices turned out to be of course the main parameter for improving the
economics of BEVs e.g., if ZEBRA batteries attain a very low cost of 100 $ /kWh, such BEVs
become cost competitive to diesel cars for driving ranges below 200 km. Such cost assump‐
tions however were judged "unlikely" for the next and medium term.

With years of market introduction passing, an issue becoming provable will become battery
ageing. With their use in extended time, batteries’ performance can significantly reduce in
terms of peak power capability, energy density and safety. Different auto manufacturers
have set goals or targets for calendar life, deep cycle life, shallow cycle life and operating
temperature range. However, it is still an issue of technological research to what extend cur‐
rent battery technologies can meet them.

Some examples of these targets are: for calendar life, the goals are typically for 15 years at a tem‐
perature of 35 oC, but current targets are for 10 years at which point a battery retains at least 80
per cent of its power and energy density. For deep cycle life, where the charge cycles go from 90
to 10 per cent of SOC7, the goal is typically 5000 cycles, while the shallow cycle life expectation is
200,000 to 300,000 cycles. Goals for the temperature range as extreme as -40 to +66 oC can be
found, such the question arises, whether batteries shall be specified for ambient conditions
harsher than it has been done for any normal conventional ICE-vehicle. One extra difficulty
that some of the results obtained on batteries performance are valid only for some specific

7 SOC means State of Charge
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charging and discharging rate and some specific range of ambient temperature exposure. It is
still not clear if the test rates are more or less severe than the actual cycles a battery will be sub‐
jected to in an EV, and the interaction of ambient temperature with deep SOC cycling is also an
unknown factor. A lot of pre-normative research is in front of us.

4. Cities are the natural environment to develop and to implement e-
mobility

Cities are very important for the development and implementation of e-mobility, because
the energetic and environmental benefits of BEVs replacing conventional vehicles are largest
in city traffic. Moreover,

• About 70% of Europeans live in urban areas [11]. Most of the people live in cities with
more than 50,000 inhabitants, and there are about 1,000 of such cities in Europe.

• Cities contribute substantially to the economics of Europe, 85% of European GDP is gen‐
erated in cities [12].

• They contribute substantially to new knowledge (for instance from research being done
on universities) and innovations by (high-tech) small and medium enterprises. Therefore
cities have the potential to contribute to a better international competiveness of Europe.

The service sector is the most important source of employment in European urban economies.
For example, in London, Paris, Berlin, Madrid and Rome the service sector accounts for be‐
tween 80% and 90% of total employment. Examples of services are: government, telecommuni‐
cation, healthcare/hospitals,  waste disposal,  education, insurance,  financial  services,  legal
services, consulting, information technology, news medias, tourism, and retail sales.

Providing and using these services lead to large transportation needs and activities of peo‐
ple and goods, and this, in turn, leads to a high use of energy and to the generation of an‐
thropogenic emissions, like CO2, NOx, ozone, fine particles, noise, etc.

Let’s focus in some of these aspects.

The energy consumption in European cities is high. About 80% of Europe’s energy is used in
cities [13]. It is expected [14] that this number will increase in future, because the urban pop‐
ulation will grow and also the economic activities and the prosperity will grow.

We have about the same figures for CO2. Cities are the largest emitters of CO2. About 75% of the
European’s CO2 is emitted in cities. On average the CO2-emissions for European cities are in the
neighbourhood of 1 ton CO2 per capita per year [15]. Of course these emissions are dependent
on the modalities of transportation which are used in the different cities. The higher the share in
public transport, walking, cycling the lower the CO2-emissions will be per capita.

Some examples: In Berlin [16], in 2008 32% of the people choose a car for transportation, 29%
walked, 26% public transport and 13% took the bike. In London [17], in 2007 41% choose the
car, 25% public transport, and 30% walked.
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in city traffic. Moreover,
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on universities) and innovations by (high-tech) small and medium enterprises. Therefore
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tween 80% and 90% of total employment. Examples of services are: government, telecommuni‐
cation, healthcare/hospitals,  waste disposal,  education, insurance,  financial  services,  legal
services, consulting, information technology, news medias, tourism, and retail sales.

Providing and using these services lead to large transportation needs and activities of peo‐
ple and goods, and this, in turn, leads to a high use of energy and to the generation of an‐
thropogenic emissions, like CO2, NOx, ozone, fine particles, noise, etc.

Let’s focus in some of these aspects.

The energy consumption in European cities is high. About 80% of Europe’s energy is used in
cities [13]. It is expected [14] that this number will increase in future, because the urban pop‐
ulation will grow and also the economic activities and the prosperity will grow.

We have about the same figures for CO2. Cities are the largest emitters of CO2. About 75% of the
European’s CO2 is emitted in cities. On average the CO2-emissions for European cities are in the
neighbourhood of 1 ton CO2 per capita per year [15]. Of course these emissions are dependent
on the modalities of transportation which are used in the different cities. The higher the share in
public transport, walking, cycling the lower the CO2-emissions will be per capita.

Some examples: In Berlin [16], in 2008 32% of the people choose a car for transportation, 29%
walked, 26% public transport and 13% took the bike. In London [17], in 2007 41% choose the
car, 25% public transport, and 30% walked.
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In some situations the concentration of NOx and fine particles exceed the air quality limits.
These situations are also called: hot spots. NOx contributes to the formation of smog. Also
acid rain can be formed out of NOx.

Figure 4, depicts a street canyon in Copenhagen [18]. In many European cities the dispersion
of air pollution is restricted by the geometry of buildings. This creates so-called street can‐
yons. These canyons lead to elevated concentrations of local pollution, and therefore people
living in (or in the neighbourhood of) these hot spots have a higher risk for getting ill.

Figure 5 depicts the concentration of NOx in ambient air in a city (London) [19]. As can be
seen from this picture the NOx-concentrations exceed the maximum regulated value, which
is 40 μg/m3.

Figure 4. An example of a street canyon in Copenhagen [18]

Figure 5. NOx-emissions in the city of London [19]
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Figure 6 shows the NOx-concentrations in European regions [19]. The intensively populated
zones can be recognized easily. These are mainly cities and intensively used highways be‐
tween the cities.

4.1. E-mobility can tackle these problems; many stakeholders are willing to contribute

The big advantage of e-mobility is  that it  gives direct  results for improving ambient air
quality.  An  electric  vehicle  does  neither  emit  NOx  and  PM,  nor  VOC  (volatile  organic
compounds).  So,  when electric  vehicles  are  introduced to  replace  conventional  vehicles,
these emissions decrease directly and ambient air quality will improve. Because ozone is
formed by a  photo-catalytic  reaction between VOC and NOx,  also  the  ozone concentra‐
tion will be reduced.

Figure 6. NOx-emissions in Europe

A large number of stakeholders have parallel interests in the development and implementa‐
tion of e-mobility in cities. The citizens want a clean city to live in. So, the ambient air quali‐
ty needs to improve in several situations.

These ambient air problems are also a main driver for the politicians and administrations of
cities to stimulate electro-mobility. The Covenant of Mayors which is signed on February
2009 is a good example of this. The main goal of this covenant, which now has about 4,000
signatories, is to increase energy efficiency and to use renewable energy sources. Within the
framework of this covenant the Sustainable Energy Action Plans (SEAP) play a central role.
A Sustainable Energy Action Plan (SEAP) is the key document in which the Covenant signa‐
tory outlines how it intends to reach its CO2 reduction target by 2020. Already more than
1400 of these plans are submitted. A lot of these plans contain actions on the stimulation of
electro-mobility in cities.

Also business leaders are major stakeholders. A first reason for that is that e-mobility can
lead to sound Total Costs of Ownership (TCO). This means that economic activities can
be done more cost effectively with e-mobility than with the petrol based vehicles. A sec‐
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ond reason is that the spin-off  of  this technological  development can be enormous. It  is
already stated that there are about 1,000 middle large cities in Europe. This is a big mar‐
ket  for  small  and  medium  sized  enterprises  that  develop  new  technologies  for  imple‐
menting e-mobility-systems.

4.2. Cities as living labs: some European experiences

Cities can be regarded as a living lab. This means that they have the possibility to test new
concepts under real life circumstances. The behaviour of consumers working with new con‐
cepts can be studied, and the feedback of the consumer can be used by the supplier to modi‐
fy and improve the concept. So, a cyclic process can be organized leading to the rapid
development of new concepts. The administrations can take the lead in organizing these
processes. They have all the ingredients to do so: the consumers, the suppliers, the infra‐
structure, and also the challenges and the solutions.

There are a lot of interesting projects going on in European cities on the development and
implementation of electric vehicles. Some examples are the projects started within the Euro‐
pean Green Cars Initiative [22].

Most of them concern electric mobility, for instance the Green eMotion project [23]. This
project is supported by 43 partners from industry, the energy sector, electric vehicles manu‐
facturers, municipalities as well as universities and research institutions. The goals of Green
eMotion are:

• Connecting ongoing regional and national electro mobility initiatives;

• Comparing the different technology approaches to ensure the best solutions prevail for
the European market;

• Creating a virtual marketplace to enable the different actors to interact;

• To demonstrate the integration of electro mobility into electrical networks (smart grids);

• Contribute to the improvement and development of new and existing standards for elec‐
tro mobility interfaces.

In several projects ICT is introduced to facilitate the implementation of electromobility. One
of these is the project MOBI.Europe [24]. In this project the users of electric vehicles are get‐
ting access to an interoperable charging infrastructure, independently from their energy util‐
ity and region. It is built on the e-mobility initiatives of Portugal, Ireland, the Spanish region
of Galicia and the Dutch city of Amsterdam.

Another  project  is  the  smartCEM [24]  project  in  which four  European cities/regions  are
participating:  Barcelona  (ES),  Gipuzkoa-San  Sebastian  (ES),  Newcastle  (UK)  and  Turin
(IT).  The goal  of  this  project  is  to  demonstrate  the  role  of  ICT8  solutions  in  addressing
shortcomings of  e-mobility,  by applying advanced mobility  services,  like EV-navigation,
and EV-efficient driving.

8 ICT = Information and Communication Technologies

New Generation of Electric Vehicles16

One part of the VIBRATe (VIenna BRATislava E-mobility) [25] project is to identify the pos‐
sibilities of connecting two neighboring metropolitan areas—Bratislava (Slovakia) and Vien‐
na (Austria) with a “green” highway. This highway will interconnect the two cities with a
network of public charging stations for electric vehicles. In this project IBM is working to‐
gether with Západoslovenská energetika, a.s. (ZSE) and the concerned municipalities.

Autolib [26] is an electric car-sharing program which is launched in Paris at the end of 2011.
This program will start with 250 vehicles. The amount of vehicles will grow to 2,000 in the
summer of 2012. This number will grow to 3,000 in the summer of 2013. In this car-sharing
program the compact Blue car is introduced. This four-seat car is the result of a collaboration
of the Italian car designer Pininfarina and the French conglomerate Groupe Bollore.

Car2Go [27] is a subsidiary of Daimler AG that provides car sharing services in several cities
in Europe and North America. In November 2011 a fleet of 300 smart for two electric vehi‐
cles was deployed in Amsterdam.

In London the “Electric 10” is formed. This is an initiative of 10 companies that use electric
commercial vehicles for their activities. The Electric 10 partnership was formed in autumn
2009, bringing together 10 major companies who are already using electric fleet vehicles on
daily basis: Sainsbury's, Tesco's, Marks and Spencer, UPS, TNT Express, DHL, Amey, Go
Ahead, Speedy, Royal Mail. The Municipality of London is working with these companies
to learn from their experiences and encourage others to take their lead [28]. The use of elec‐
tric vehicles for goods delivery not only benefits the environment, it also has a positive total
cost of ownership (TCO).

4.3. Cities have the power to implement; and they are already doing so

City administrations have the possibility to develop new concepts under real life circum‐
stances, as we have seen in paragraph 4.2. and to set projects to bring e-mobility to a reality.
Of equal importance is that they also have the ability to implement using their legal instru‐
ments. Many cities are already doing this.

The instruments they use can be divided in three categories [29]:

Financial incentives

Examples of financial incentives are exemptions from vehicles registration taxes or license
fees. Or exemptions from congestion charge. Another financial incentives are of operational
nature e.g. the electric vehicle gets a discount on parking costs.

Non-financial incentives

There are cities which give non-financial incentives. For instance, free or discount cost for a
parking place in the city centre. Or that the owner will get access to restricted highway
lanes. An important incentive is also to get easy access to public charging facilities.

Their purchasing power

Municipalities are not only regulators. They also have a vehicle fleet and they give licenses
to public transport systems. With these possibilities they also can stimulate the e-mobility.
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They can buy electric vehicles for their municipal fleet and they can add hybrid buses to
public transport systems. Municipalities can install charging stations on the public area, like:
libraries, parking garages, city halls, or other public buildings.

4.4. Some remarks to this section

In paragraph 4.2 a total of 7 projects which are presently going on in Europe are described
shortly. It should be stated that these are just illustrations. There are many more interesting
projects on e-mobility. What we see is a steep increase in the amount of battery electric vehi‐
cles (BEV) in Europe [30]. In 2010 in total 765 BEVs were introduced on the EU-27-market,
and in 2011 already ca. 9,000 BEVs. This took place predominantly in France, Germany, UK,
the Netherlands, and Austria. The main BEVs types were Peugeot-ION, Mitsubishi-i-MIEV,
Smart for two, Nissan-Leaf, and Citroen-C-Zero.

We expect that this steep increase will continue, because of the battery developments we
described in the beginning of this chapter and also because of the strong efforts of stake‐
holders, like member states, municipalities, car manufacturers, and the EU. Indeed, in the
2011 Transport White Paper 'Roadmap to a Single European Transport Area – Towards a
competitive and resource efficient transport system' (COM  (2011) 144 final),  the Europe‐
an Commission proposes 10 goals for a competitive and resource efficient transport sys‐
tem  which  serve  as  benchmarks  for  achieving  the  2050  60%  GHG  emission  reduction
target. One of these goals is to halve the use of 'conventionally-fuelled' cars in the urban
transport sector by 2030 and to phase them out by 2050, thereby also reducing the trans‐
port system’s dependence on oil.

5. Enabling technologies for the introduction of electricity in road
transport

Another reason why electric vehicles are promising is because of the fact that it can contrib‐
ute to the development and introduction of smart grids. With smart grids the share of green
electricity by means of wind and solar can be better managed to increase. Electric vehicles
can serve as storage for electricity (spinning reserves ) in those times when the households
don’t need the amount of electricity produced at a certain moment, and the vehicles can de‐
liver electricity to the grid in times when the households need more electricity than pro‐
duced at that moment. The benefits are that with these smart grids the CO2 emissions will
decrease as well as the use of fossil energy. The CO2 emissions will go down even more,
because from well-to-wheel-analyses it can be seen that in most cases the CO2-performance
of electric vehicles is better that petrol based vehicles [21].

It is generally considered that smart grid and V2X where X represents another vehicle
(V2V), the grid (V2G) or sometime the user’s home (V2H) are essential technologies for the
early introduction of electrified vehicles as these provide an added value to the vehicle re‐
spectively, reduce its TCO.

New Generation of Electric Vehicles18

5.1. What is a smart grid?

The concept of Smart Grid9 was developed in 2006 by the European Technology Platform for
Smart Grids, and concerns an electricity network that can intelligently integrate the actions
of all actors connected to it - generators, consumers and those that do both - in order to effi‐
ciently deliver sustainable, economic and secure electricity supplies. Interoperability of EVs
to Smart grids promises an increase of the EVs' overall energy efficiency and cost benefits.

Decentralized supply of electricity is growing. There are at least three types of decentralized
supply options:

• More and more wind turbines are in operation;

• (micro) Combined Heat and Power (CHP) is up-coming.

• The generation by means of solar PV is increasing;

This development means that the fluctuations over time in the supply of electricity would be
increasing in a near future with the consequent challenge to harmonize it with the demand
of electricity.

There are some options to deal with this challenge. The first one is to influence the regulate
the supply. When at a certain moment more wind and solar electricity is produced then the
supply of electricity from fossil sources should be limited. To realize this real-time commu‐
nication between consumers and producers should take place. This can be done by means of
smart meters. To reduce the supply of electricity from fossil sources is, however, not always
an easy task.

A second option is to realize a situation in which the fluctuations which might appear on the
supply side will be match on the demand side. This can be realized by introducing fluctuat‐
ing prices, which again can be realized by means of smart meters. So when the supply is
high then the price will be low and then the smart meter can for instance start charging an
electric vehicle or it can start other appliances e.g. the washing machine. And when the de‐
mand is high then the price will be high and then the electric vehicle will supply electricity
to the house. Thus, by means of the price mechanism and the smart metering the supply and
the demand can stay in balance, despite of the fluctuations occurring in the supply side.

A third option is by introducing a storage facility. This can be done by means of fly-wheels,
ultra-capacitors, compressed air, and batteries. In this third option the batteries of the elec‐
tric vehicles can play a role (see section 3).

A fourth option is that when there is an oversupply of electricity, it is used for the electroly‐
sis of water and the formed hydrogen is either used directly or it is coupled with CO2 to
produce methane. When there is a shortage of electricity the hydrogen and/or methane can
be used to produce electricity by means of a Combined Heat and Power Plant (CHP). Of
course the hydrogen can also be used to fuel a Fuel Cell Electric Vehicles (FCEV’s).

Hence, with a smart grid it is possible to:

9 http://www.smartgrids.eu/documents/TRIPTICO%20SG.pdf
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• Better  facilitate  the  connection  and  operation  of  electrical  generators  of  all  sizes  and
technologies;

• Allow consumers to play a part in optimizing the operation of the system;

• Provide consumers with more information and options for choosing an energy supply;

• Significantly reduce the environmental impact of the whole electricity supply chain;

• Organize a symbiotic relation between the grid and the electric vehicle. The vehicle can be
charged when the price is low, and the vehicle can contribute to the grid when electricity
is needed there;

• Charge the electric vehicle with low-CO2-containing electricity, which contributes to low
CO2-emissions when driving the vehicle;

• Maintain or improve the existing high levels of system reliability, quality and security of
supply;

• Maintain or improve the efficiency of existing services;

• Foster the development of an integrated European market.

5.2. Some European efforts on a practical scale on smart grids including electric vehicles

There are considerable efforts in Europe (the same thing can be said on other developed
markets; i.e. USA, Japan…) on smart grids10 by supporting and carrying out many projects.
In several of these projects electric vehicles are included and studied. Some examples are:

InovCity concept in Évora (Portugal)

The goal of this project is that the entire municipality of Évora will be connected to an intel‐
ligent electricity system which includes 30,000 customers.

Some characteristics of this project are:

• The project is initiated by EDP11 Distribuição, with support from national partners in in‐
dustry, technology and research (EDP Inovação; Lógica; Inesc Porto; Efacec; Janz and
Contar);

• The electricity grid is provided with ICT, so that the grid can be controlled automatically.
This is done by monitoring the grid in real time;

• Increase of renewable energies (PV solar cells, micro wind turbines) is facilitated by the
intelligent electricity grid;

• The Energy Box plays a central role in this system. All consumers will have such a box,
and this box connects the consumers to the intelligent grid. In the box the amount of elec‐
tricity used and/or produced is recorded. And by means of the box the consumers can

10 A survey can be found on http://www.smartgridsprojects.eu/map.html
11 http://www.inovcity.pt/en/Pages/media-center.aspx
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program devices, like washing machines, when the price of electricity is low. This process
of programming devices can be automated fully;

• The electricity grid is also facilitating the charging and discharging of electric vehicles.
The batteries of these vehicles will serve as a buffer when there is an oversupply and the
batteries will serve as a producer of electricity when more electricity is needed in the
homes.

Endesa’s Smartcity Málaga Project (Spain)

The goals of SmartCity Málaga12 are to implement and integrate distributed energy resour‐
ces, energy storage, electric vehicle charging and discharging facilities, and intelligent public
lighting devices.

The characteristics of the project are:

• Endesa in cooperation with 11 partners is rolling out state-of-the-art technologies in smart
metering, communications and systems, network automation, generation and storage,
and smart recharging infrastructure for e-vehicles;

• More than 17,000 smart meters are installed;

• 11 MW of renewable generation capacity which consist of solar PV, wind energy and co‐
generation;

• A storage facility consisting of batteries;

• A network of recharging points for vehicle-to-grid-technology;

• By means of ICT all these devices are connected to the Network Control Center, where
these are monitored and controlled.

Harz.EE-Mobility (Germany) 13

This project has been initiated by Siemens CT in cooperation with 14 partners – including
research institutes, the Deutsche Bahn (German Railroad Company), and wireless provider
Vodafone. The goal is to make Germany’s Harz district a model region for electric mobility.
Wind, solar, and other alternative energy sources already contribute more than half of the
power generated in the Harz district. Sometimes in windy periods some wind turbines have
to switch off. This problem could be solved using electric vehicles as small energy storage
units allowing for useful demand shift.

The project focuses on Vehicle-to-grid-technology (V2G). Electric cars would recharge their
batteries whenever winds are strong, especially at night. Conversely, during calm periods
they could feed electricity back into the grid at higher prices. Ultimately, V2G aims at bidir‐
ectionality of both, car / grid communication and their energy flow.

In this project an energy management system is developed. All the 2,000 energy genera‐
tion devices are connected and automatically controlled (PV, wind turbines,  biogas,  and

12 http://www.endesa.com/en/aboutEndesa/businessLines/principalesproyectos/Paginas/Malaga_SmartCity.aspx
13 http://www.siemens.com/corporate-technology/en/research-cooperations/mobility.htm
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electric vehicles). The project also monitors and studies the movement profiles of electric
vehicles.  With this information is can be predicted how many electricity in what period
is needed to recharge the vehicles.  This will  also be important control data for the elec‐
tricity generation devices.

The above examples indicate the important role that information and communication tech‐
nology play in an early uptake of electrical vehicles by their seamless integration in the elec‐
trical distribution and control network ("smart grid" of the future).

6. Discussion

This chapter has focussed on the technological requirements that electrical vehicles need in
order to break into the (primarily urban) main stream as a valid personal or commercial
transport means. However, their cost/price and environmental impact have not been ad‐
dressed. This section intends to indicate some of the recent efforts that can be found in the
open literature, both to forecast when this vehicle technology will become possibly a prefer‐
ence of the user and what policies could be put in place to better address the environmental
benefit of increasingly electrifying road transport.

In a  recent  paper [31]  Weiss  et  al.  have forecasted the price  for  hybrid-electric  and bat‐
tery-electric vehicles using ex-post  learning rates for HEVs and ex-ante  price forecasts for
HEVs and BEVs.  They forecasted that  price breakeven with these vehicles  may only be
achieved by 2026 and 2032,  when 50 and 80 million BEVs,  respectively,  are expected to
have been produced worldwide. They estimated that BEVs may require until then global
learning investments of 100–150 billion € which is less than the global subsidies for fos‐
sil fuel consumption paid in 2009. Their findings suggested that HEVs, including plug-in
HEVs,  could  become  the  dominant  vehicle  technology  in  the  next  two  decades,  while
BEVs may require long-term policy support. In line with what it has been pointed out in
this  chapter,  the  authors  indicated that  the  performance/cost  ratio  of  batteries  is  critical
for the production costs of  both HEVs and BEVs.  If  current developments persist,  vehi‐
cles  with  smaller,  and thus  less  costly,  batteries  such as  plug-in  HEVs and short-range
BEVs for city driving could present the economically most viable options for the electrifi‐
cation of passenger road transport until 2020.

More studies on specifically urban electrification of road transport might move the quantita‐
tive arguments to some extent, and show that there are several niches of earlier cost-effec‐
tiveness even for BEVs.

There is a debate on how to consider the environmental impact of this class of vehicles. Un‐
like their counterpart fossil-fuelled vehicles, the emissions generated by electrified vehicles
are produced “upstream”, that is where the electricity is generated. Should they be consid‐
ered to have GHG emissions of "0 g/km"? Lutsey and Sperling [32] argue that considering
electric vehicles as 0 g/km and assuming 10% of cars sold by 2020 to be electric, this could
result in a loss of 20% of the conventionally calculated benefit from USA regulations aimed
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at reducing vehicle GHG emissions – so one has to pay attention of what is summed up.
They also found that if upstream emissions were included, an electric vehicle powered from
the America electricity grid would on average emit about 56% less CO2 than their petrol
counterpart (104 g/mile compared to 238 g/mile). It is clear that the exact amount will de‐
pend upon the particular electricity generation fuel mix and thus generation efficiency in the
given State where the BEV was charged. These authors support the idea of using a full life‐
cycle analysis as regulatory option rather than the "0 g/km". This approach, although more
complicated, would ensure that GHG regulations were scientifically rigorous and could ac‐
commodate future energy technology development.

7. Conclusions

In the 2011 Transport White Paper 'Roadmap to a Single European Transport Area – To‐
wards a competitive and resource efficient transport system' (COM (2011) 144 final), the Eu‐
ropean Commission proposes 10 goals for a competitive and resource efficient transport
system which serve as benchmarks for achieving the 2050 60% GHG emission reduction tar‐
get. One of these goals is to halve the use of 'conventionally-fuelled' cars in the urban trans‐
port sector by 2030 and to phase them out by 2050, thereby also reducing the transport
system’s dependence on oil. Among the possible options to support this target, the electrifi‐
cation of road transport seems to be a winning one - as we have indicated in this chapter.
We have addressed the technological challenges that electrified vehicles have to face in or‐
der to overcome the present status quo. These are mainly due to the storage system on
board of a BEV. There are promising technologies that can positively support the introduc‐
tion of electric vehicles in our streets and roads (e.g. V2G and interoperability with smart
grids through standardised communication). Finally, the areas of cost and environmental
impact has been also addressed by commenting recent efforts in both forecasting the price
reduction in the future and addressing full life-cycle analysis as possible policy options to
include the full picture of the impact of vehicles in GHG emissions.
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1. Introduction

Population growth in the world had a constant value since the beginning of a new era to the
19th century when the population was 1 billion. The technological revolution is largely in‐
fluenced by that in this century, the population increase by 68 %. The population in the
world increased by about 270 %, or over 6 billion people just in the 20 century. Although the
UN in [1], estimates three possible scenarios of population growth in this century, the pic‐
ture 1, is the most possible one that predicts that the world population will increase by 2050.
to about 8,9 billion, and afterwards it will be a slowdown so that by the end of the 21st cen‐
tury, and in the next few, does not expect the growth of population in the country. In any
case, in the near future over the next four decades strong growth of the population is expect‐
ed. With the growth of population in the world there is a need to increase transportation of
people, goods and raw materials as a prerequisite for the growth of production and con‐
sumption and the standards of living.

The 19th century was the age of industrial revolution. Thee more factors enabled the indus‐
trial revolution. The first was the new steam and textile technology and then the new agri‐
culture and population growth crating both the labor force for the new industrial factories
and the markets to buy their manufactured goods. Development of a superior transporta‐
tion system for getting raw materials was basis that colonials provided raw materials for the
factories as well as more markets for their goods.

The result of all this was an industrial revolution of vast importance in a number of ways.
For one thing, it would spawn the steam powered locomotive and railroads which would
revolutionize land transportation and tie the interiors of continents together to a degree nev‐

© 2012 Nikolić and Živanović; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2012 Nikolić and Živanović; licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 2

The Contribution and Prospects of the Technical
Development on Implementation of Electric and
Hybrid Vehicles

Zoran Nikolić and Zlatomir Živanović

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51771

1. Introduction

Population growth in the world had a constant value since the beginning of a new era to the
19th century when the population was 1 billion. The technological revolution is largely in‐
fluenced by that in this century, the population increase by 68 %. The population in the
world increased by about 270 %, or over 6 billion people just in the 20 century. Although the
UN in [1], estimates three possible scenarios of population growth in this century, the pic‐
ture 1, is the most possible one that predicts that the world population will increase by 2050.
to about 8,9 billion, and afterwards it will be a slowdown so that by the end of the 21st cen‐
tury, and in the next few, does not expect the growth of population in the country. In any
case, in the near future over the next four decades strong growth of the population is expect‐
ed. With the growth of population in the world there is a need to increase transportation of
people, goods and raw materials as a prerequisite for the growth of production and con‐
sumption and the standards of living.

The 19th century was the age of industrial revolution. Thee more factors enabled the indus‐
trial revolution. The first was the new steam and textile technology and then the new agri‐
culture and population growth crating both the labor force for the new industrial factories
and the markets to buy their manufactured goods. Development of a superior transporta‐
tion system for getting raw materials was basis that colonials provided raw materials for the
factories as well as more markets for their goods.

The result of all this was an industrial revolution of vast importance in a number of ways.
For one thing, it would spawn the steam powered locomotive and railroads which would
revolutionize land transportation and tie the interiors of continents together to a degree nev‐

© 2012 Nikolić and Živanović; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2012 Nikolić and Živanović; licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



er before imagined. It would trigger massive changes in people's living and working condi‐
tions as well as the structures of family and society. No invention of the 1800's played a
more vital role in the Industrial Revolution than the steam locomotive and railroad, trigger‐
ing the biggest leap in transportation technology in history. Railroads cut travel time by 90
% and dramatically reduced freight costs, see [2].

Figure 1. World population estimation and Prediction 1700th – 2300th, in reference [1].

With factories more closely connected to markets and the larger population of potential con‐
sumers, many more people could afford consumer goods. This stimulated sales, providing
more jobs, increased production, and lower prices. With business booming, companies devel‐
oped new products, triggering a virtual explosion of new technological advances, inventions,
and consumer products in the latter 1800's. All these advances led to a higher standard of liv‐
ing, which further increased the consumer market, starting the process all over again.

The first step most countries took to industrialize was to build railroads to link coal to iron
deposits and factories to markets. Once a transportation system was in place, factory build‐
ing and production could proceed. By 1900. railroads had virtually revolutionized overland
transportation and travel, pulling whole continents tightly together (both economically and
politically), helping create a higher standard of living, the modern consumer society, and a
proliferation of new technologies.

From the start, industrialization meant the transformation of countries' populations from be‐
ing predominantly rural to being predominantly urban. By 1850. Britain had become the
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first nation in history to have a larger urban than rural population, and London had become
the largest town in the world.

These  early  industrial  cities  created problems in  three  areas:  living conditions,  working
conditions,  and  the  social  structure.  First  of  all,  cities  built  so  rapidly  were  also  built
shoddily.  Tenement  houses  were  crammed  together  along  narrow  streets,  poorly  built,
and incredibly crowded.

But in second half of 19th century, the standard of living of the common people improved,
they had money to buy goods. Sales and profits led to more production and jobs for more
people, who also now had money to spend. This further improved the standard of living,
leading to more sales, production, jobs, and so on, all of which generated the incentive to
create new products to sell this growing consumer market. It was the age of progress.

Steam powered ships reduced travel time at sea much as the steam locomotives did on land
since ships were no longer dependent on tail winds for smooth sailing.

By 1900, the automobile, powered by the internal combustion engine, was ushering in an age of
fast personal travel that took individuals wherever and whenever they wanted independently
of train schedules. In 1903. the internal combustion engine also allowed human beings to ach‐
ieve their dream of powered flight. The sky was now the limit, and even that would not hold
up, as the latter twentieth century would see flights to the moon and beyond.

Fuelling these new developments were new sources of energy. Petroleum powered the auto‐
mobile, while natural gas was used extensively for lighting street lamps. Possibly most im‐
portant of all was electricity, which could be transmitted over long distances and whose
voltage could be adapted for use by small household appliances. Among these was Thomas
Edison's light bulb, providing homes with cheaper, brighter, and more constant light than
the candle ever could provide.

The 19th century was the age of electricity. For the development of electric vehicles is impor‐
tant 1800. when for the first time Allessandro Volta (Italian) produces an electrical power
from a battery made of silver and zinc plates. After many other more or less successful at‐
tempts with relatively weak rotating and reciprocating apparatus the Moritz Jacobi created
the first real usable rotating electric motor in May 1834 that actually developed a remarkable
mechanical output power. His motor set a world record which was improved only four
years later. On 13 September 1838 Jacobi demonstrates on the river Neva an 8 m long electri‐
cally driven paddle wheel boat, in [3]. The zinc batteries of 320 pairs of plates weight 200 kg
and are placed along the two side walls of the vessel. The motor has an output power of 1/5
to 1/4 hp (300 W). The boat travels with 2,5 km/h over a 7,5 km long route, and can carry a
dozen passengers. He drives his boat for days on the Neva. A contemporary newspaper re‐
ports states the zinc consumption after two to three months operating time was 24 pounds.

In 1887 Nikola Tesla (Serbian, naturalized US-American) files the first patents for a two-
phase AC system with four electric power lines, which consists of a generator, a transmis‐
sion  system  and  a  multi-phase  motor.  Presently  he  invention  the  three-phase  electric
power system which is the basis for modern electrical power transmission and advanced
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electric motors. The inventor for the three-phase power system was Nikola Tesla, see ref‐
erence [4]. But, the highly successful three-phase cage induction motor was built first by
Michael Dolivo-Dobrowolsky in 1889.

2. Beginning of the EV development

The first attempt of electric propulsion was made on railways in the first half of the 19th cen‐
tury. It was not about cars, but as a locomotive fed by batteries, it is reasonable that this is
considered a forerunner of the current prototype electric vehicles.

Robert Davidson (Scottish) also developed electric motors since 1837th in [5]. He made sev‐
eral drives for a lathe and model vehicles. In 1839. Davidson manages the construction of
the first electrically powered vehicle. In September 1842. he makes trial runs with a 5-ton, 4,8
m long locomotive on the railway line from Edinburgh to Glasgow. Its electromotor makes
about 1 hp (0,74 kW) and reaches a speed of 4 mph (6,4 km/h); a vehicle could carry almost
no payload. Therefore, the use of the vehicles was very limited. Gaston Plante found a suita‐
ble battery pack in 1860th year, enabling the commercialization of electric vehicles.

At the world exhibition in Berlin 1879th years, Siemens has demonstrated the first practical
electric vehicle applicable for, for example, a small electric battery tractor on rails, which
was able to pull three small carriages full of people. Motor has had almost all the character‐
istics of today's motors for electric traction.

Already in 1881st year after on the streets of Paris was driven tricycle powered from lead-
acid batteries. A year later, a horse power-drawn tram with electric propulsion was rebuilt,
so that up to 50 passengers could be driving these carriages without horses. Several years
later, Thomas Edison had constructed a little better first electric vehicle with nickel-alkaline
batteries that are powered electric vehicle with nominal power of 3,5 kW. Immediately after‐
wards, the electric bus was built as well.

In England J.K.Starley constructed in 1888th the small electric vehicle [6]. Several years later,
on 1893. Bersey constructed a postal vehicle and a passenger vehicle with four seats using a
battery brand Elwell - Parker.

Since then, efforts are continuing, especially in America. According to some sources, the first
electric vehicle in the United States was constructed by Fred M.Kimball 1888th, from Boston.
In commercial use, the vehicle began to produce the first company Electric Carriage and
Wagon Co. of Philadelphia, which has produced a vehicle 1894th, and the 1897th New York
City has delivered a number of electric taxis. Another company, Pope Manufacturing Co.
from Hartford, began producing electric vehicles 1897th years and has evolved considerably.
Company produced 2.000 taxis as well as buses and electric trucks. However, they did not
have great commercial success.

The first small batch production of EV had began in 1892. in Chicago. These vehicles had
been very cumbersome but even so had a very good pass by customers also. They had car‐
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riages of look like (Figure 2), with large wheels, no roof, with eaves that protected passen‐
gers from rain and sun. They were used for trips, in order to perform some business, and
even as a taxi to transport more passengers. Passenger's EV had the engine up to several
kilowatts, which were allowed at the maximum speed of about 20 km / h, and cross a dis‐
tance over a hundred kilometers on a single charge of batteries. Series DC electric motors
were used, usually. Batteries have a high capacity, as far as 400 Ah, and voltages up to 100
V. Proportion of battery weight, compared to a fully loaded vehicle with passengers, was
over half, which allowed so many autonomous movement radius.

Figure 2. First EV,s were possible to cross up to 100 km, moving with speed below 20 km/h.

The first production of small batch EV had began in 1892. in Chicago. These vehicles had
been very cumbersome but even so had a very good pass by customers also. They had look
like of carriages (figure 2), with large wheels, no roof, with eaves that protected passengers
from rain and sun. They were used for trips, in order to perform some business, and even as
a taxi to transport more passengers. Passenger’s EV had the engine up to several kilowatts,
which were allowed at the maximum speed of about 20 km/h, and cross a distance over a
hundred kilometers on a single charge of batteries. Series DC electric motors were used,
usually. Batteries have a high capacity, as far as 400 Ah, and voltages up to 100 V. Propor‐
tion of battery weight, compared to a fully loaded vehicle with passengers, was over half,
which allowed so many autonomous movement radius.

In Europe, the first real electric vehicle was constructed by the French and Jeantaud Raffard
in 1893rd. Electric motor power was 2,2 to 2,9 kW (3-4 hp), a battery capacity of 200 Ah was
placed behind and had a weight of 420 kg.

In 1894, five electric vehicles participated in the first automobile race held from Paris to
Rouen, a distance of 126 km. One steam vehicle won, from manufacturers De Dion.
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The first race of motor vehicles was won by electric. Five vehicles with internal combustion
engine and two cars with electro propulsion were racing on the road, which consisted of five
sections, each one mile long (1.609 m). The winners in all five sections were electric with an
average speed of 43 km/h.

Bright moment for electric vehicles in Europe was the 1899th, when on the May 1, an electric ve‐
hicle in the form of torpedo, called James Contente or "dissatisfied" reference [7], reached a
speed of 100 km/h. Electric vehicle weight about 1.800 kg and was constructed by Belgian Ca‐
mille Jenatzy, in [8].

The next world record speed was achieved a few years later with the vehicle which had a
gasoline engine and electric vehicles were never more able to develop greater speed than ve‐
hicles with internal combustion engine.

Figure 3. Electric vehicles named Jamais Contente, which in 1899. reached previously unimaginable speed of over
100 km/h.

Waldemar Junger in 1899. first patented alkaline battery in the world. In the summer 1900th
he demonstrated its capacity before the wondering audience of professionals. One battery is
kept at the Waverly American Run car with which the inventor was able to drive around
Stockholm in an electric vehicle for about 12 hours and with whom he went 92,3 miles (148,5
km) before the battery was discharged.

Given the fact that at the end of the 19th and early 20th century EV were moving at low
speeds when the power required for handling the air resistance is negligible, the power ob‐
tained from batteries was mainly used for handling the rolling resistance, which is generally
small. On the other hand, less power drain causes battery operation with a higher efficiency
level so a large quantity of batteries loaded allowed a relatively large radius of movement.
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3. The development of EV in 20th century

The twentieth century has been a century of change. It has been a century of unprecedented
world population growth, unprecedented world economic development and unprecedented
change in the earth’s physical environment.

From 1900 to 2000, world population grew from 1,6 billion to 6,1 billion persons, about 85
per cent of the growth having taken place in Asia, Africa and Latin America.

In 1900, about 86 per cent of the world populations were rural dwellers and just 14 per cent
were city dwellers, but by 2000, the share of the world population living in rural areas had
declined to 53 per cent, while the number of urban-dwellers had risen to 47 per cent, in [9].
By 2030, over three fifths of the world will be living in cities. Virtually all the population
growth expected during 2000-2030 will be concentrated in the urban areas of the world.

The enormous expansion in the global production of goods and services driven by techno‐
logical, social and economic change has allowed the world to sustain much larger total and
urban populations, and vastly higher standards of living, than ever before. For example,
from 1900 to 2000, world real GDP increased 20 to 40 times, while world population in‐
creased close to 4 times and the urban population increased 13 times.

The first motor show held in New York 1901st was shown 23 and 58 steam electric and pet‐
rol cars were presented together. At the beginning of this century were used three types of
motor vehicles with internal combustion engines that used: gasoline, steam or electricity.
Statistics show that in 1900. from 8.000 cars driven on the roads in America, 38 % were pow‐
ered by electricity. Almost equally, the third of the total number of vehicles, at the time was
powered to electric power, steam vehicles and vehicles with internal combustion engines.

The car with the internal combustion engine has received increasing popularity due to its
ease of charging, mobility, speed and autonomy, although the electric vehicle was still kept.
Electric vehicles are especially favored by women, whom thought of the car with petrol as
dirty and difficult to drive, and in the same time those looked like the features for which
they were more preferred by men, driven by passion for the sport.

Defect of those electric vehicles then has been relatively short range between charges. In the
late 19th century, the specific energy in the battery pack was about 10 Wh/kg. Already in the
early 20 century, this value improved to the level of 18 Wh/kg, which would amount to only a
decade later to 25 Wh/kg. In addition, the charging stations were not sufficiently widespread,
although the situation began to improve in the early 20th century. However, sources of oil
found in that period caused the low price of gasoline and the advancement of technology in the
production of internal combustion engines has created the conditions for rapid progress on
these cars. Therefore, the development of electric vehicles remained on the sidelines.

Studebaker developed in 1905 five models of electric traction, using the same chassis. From
1900. to 1915. year a hundred manufacturers of electric vehicles appeared. In 1904. about a
third of U.S. vehicles were produced with electro propulsion. In 1912. about 10.000 electric
vehicles were produced, of which about 6.000 as passenger’s vehicles and 4.000 for the
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level so a large quantity of batteries loaded allowed a relatively large radius of movement.
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3. The development of EV in 20th century

The twentieth century has been a century of change. It has been a century of unprecedented
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The enormous expansion in the global production of goods and services driven by techno‐
logical, social and economic change has allowed the world to sustain much larger total and
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from 1900 to 2000, world real GDP increased 20 to 40 times, while world population in‐
creased close to 4 times and the urban population increased 13 times.
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Electric vehicles are especially favored by women, whom thought of the car with petrol as
dirty and difficult to drive, and in the same time those looked like the features for which
they were more preferred by men, driven by passion for the sport.

Defect of those electric vehicles then has been relatively short range between charges. In the
late 19th century, the specific energy in the battery pack was about 10 Wh/kg. Already in the
early 20 century, this value improved to the level of 18 Wh/kg, which would amount to only a
decade later to 25 Wh/kg. In addition, the charging stations were not sufficiently widespread,
although the situation began to improve in the early 20th century. However, sources of oil
found in that period caused the low price of gasoline and the advancement of technology in the
production of internal combustion engines has created the conditions for rapid progress on
these cars. Therefore, the development of electric vehicles remained on the sidelines.

Studebaker developed in 1905 five models of electric traction, using the same chassis. From
1900. to 1915. year a hundred manufacturers of electric vehicles appeared. In 1904. about a
third of U.S. vehicles were produced with electro propulsion. In 1912. about 10.000 electric
vehicles were produced, of which about 6.000 as passenger’s vehicles and 4.000 for the
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transportation of goods. The total traffic had approximately 20.000 vehicles to transport peo‐
ple and about 10.000 for freight transport. 1913th twenty companies manufacturing electric
vehicles produced about 6.000 electric cars and trucks.

Figure 4. The external appearance of the first EV in early 20th century.

In the rally ride in the long run, from Beijing to Paris 1907th, gasoline cars definitely won
over steam and electricity vehicles.Wide publicity made Dey and Harry Staymez invention
in 1915. Their electric car instead of the differential had motor that was designed in the way
that the rotor and stator, each connected to one half of axle, were able to turn in relation to
one another. Thus, power shared between the two axles was able to turn at different speeds
when cornering. Upon driving on downhill, the electric motor was turning into a dynamo
serving as brakes and converting mechanical energy into electrical energy.

One passenger electric vehicle in 1917. crossed the distance from Atlantic City to New York
(200 km) at an average speed of 33 km per hour.

In the twenties of this century in Germany, France and Italy, electric vehicles were designed
mainly for special purposes, where it did not require more speed and autonomy. Stigler
from Milan, a company specialized in electric products, constructed in 1922 more then one
car with electric drive power of 4.5 kW (6 KS) and battery capacity of 250 Ah, which could
speed up to 25 km/h to cross 100 km without recharging.
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Before and after World War II many electric vehicles were on the streets of America, West‐
ern Europe and South Africa. The Last Car Show in America where a new type of electric
vehicle was shown was in 1923. year.

1930 was the year when the appearance of the Fords model T, for some time, marked the
dissolution of the companies that produced electric vehicles.

Soon after t interest in electric vehicles was lost, even in Europe and the success of the vehi‐
cles with internal combustion engine was triumphant. The performance of electric vehicles
compared to internal combustion vehicles was fairly weak. The problem of batteries that
were heavy and inefficient remained unresolved. Performance of the car made for special
purposes, with a short radius of movement, could not be accepted for cars that could com‐
pete with gasoline powered ones.

World War II re-emphasized in the foreground electrical traction. For convenience in the
normal production some vehicles were transferred to vehicles with electro propulsion. In
Italy, you could have seen the car Fiat 500 (old Topolino), accumulator battery-powered
weighing over 400 kg, as well as the bigger vehicles s with batteries stored in the engine and
trunk space. During this period was specially designed and manufactured in a number elec‐
tric Peugeot VLV. These vehicles have an advantage over the vehicles with internal combus‐
tion engines due to significantly lower maintenance costs and longer service life, making
them seem more economical for exploitation.

After World War II, electric traction has remained largely reserved for special transportation
and the smaller vehicles that are commonly used in the city.

3.1. Early development of drive systems

In the first EV were mostly used serious DC motors with a simple speed control solutions. In
these electric motors are the excitation coil and the inductive coil connected to the serious so
that the current that passes through the inductors passes through the excitation coil. This
means that is in the great parts of range machine, until it comes into part of the saturation,
flux is proportional to the loaded current. Only at higher loads and currents when the mag‐
netic material enters the saturation, there is no proportionality between the magnetic flux
and current, because the increase in current does not produce increase in flux.

For the operation of the serious DC motors are characteristic the great changes in flux with
the load. Electric motor speed is changed in wide limits as a function of load change.

At idle load current are small and the excitation flux, so there is a risk of engine ran. There‐
fore, the engine should never be put into operation, under full power, without at least 20 –
30 % rated load.

At idle, load current is small as the excitation flux, so there is a risk of electromotor over
speed. Therefore, the engine should never be put into operation under full voltage without
at least 20 – 30 % rated load.

Speed regulation of DC electromotor can be making by changing the supply voltage or by
load changing. Because DC electromotor has feature, that torque increase with the increas‐
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the load. Electric motor speed is changed in wide limits as a function of load change.
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fore, the engine should never be put into operation, under full power, without at least 20 –
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ing of load and rotation speed falling, these electromotor are sometimes called traction. DC
electromotor can be very hardly move in the regenerative mode and only if we make a re‐
connection of the winding.

• Start-up with additional resistance

Additional resistance is connected into the serious with a driving motor and thus lowers the
voltage at the ends of the motor and reduces the starting current. With more resistance,
which allows successively excluding, it is possible step-shaped voltage and speed regulator.
This is a wasteful method with a low degree of usefulness.

• Commissioning and speed control via contactors (controller)

Relatively inexpensive and efficient method, but not enough good for regulation of electric ve‐
hicle speed. The necessary condition is that the voltages of all electric sources have to be equal,
so appropriate involvement of the switches can get the basic voltages on the electric motor.

Additional regulation of the speed of rotation of electric motors can be done by additional
rheostat for the step by step decreasing of flux, by which the speed increases and the torque
decreases. Former methods of starting the electric motor and speed control of the vehicle
were less quality but good enough to move the EV with relatively low speeds. In addition,
there were certain losses in the resistor for speed control of electric motors and did not pro‐
vide recuperative braking.

3.2. The first oil crisis

Since 1869, US crude oil prices adjusted for inflation averaged 23,67 $ per barrel (1 barel =
159 l) in 2010 dollars compared to 24,58 $ for world oil prices. Fifty percent of the time prices
U.S. and world prices were below the median oil price of 24,58 $ per barrel.

Figure 5. Long-term oil prices, 1861-2008 (orange line adjusted for inflation, blue not adjusted). Due to exchange rate
fluctuations, the orange line represents the price experience of U.S. consumers only, in [10].

If long-term history is a guide, those in the upstream segment of the crude oil industry
should structure their business to be able to operate with a profit, below 24,58 $ per barrel
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half of the time. The very long-term data and the post World War II data suggest a "normal"
price far below the current price.

From 1948 through the end of the 1960s, crude oil prices ranged between 2,50 $ and 3,00 $.
The price oil rose from 2,50 $ in 1948 to about 3,00 $ in 1957. When viewed in 2010 dollars, a
different story emerges with crude oil prices fluctuating between 17 $ and 19 $ during most
of the period. The apparent 20 % price increase in nominal prices just kept up with inflation.

From 1958 to 1970, prices were stable near 3,00 $ per barrel, but in real terms the price of
crude oil declined from 19 $ to 14 $ per barrel. Not only was price of crude lower when ad‐
justed for inflation, but in 1971 and 1972 the international producer suffered the additional
effect of a weaker US dollar.

OPEC was established in 1960 with five founding members: Iran, Iraq, Kuwait, Saudi Arabia
and Venezuela. Two of the representatives at the initial meetings previously studied the
Texas Railroad Commission's method of controlling price through limitations on produc‐
tion. By the end of 1971, six other nations had joined the group: Qatar, Indonesia, Libya,
United Arab Emirates, Algeria and Nigeria. From the foundation of the Organization of Pe‐
troleum Exporting Countries through 1972, member countries experienced steady decline in
the purchasing power of a barrel of oil.

Throughout the post war period exporting countries found increased demand for their
crude oil but a 30 % decline in the purchasing power of a barrel of oil. In March 1971, the
balance of power shifted. That month the Texas Railroad Commission set proration at 100
percent for the first time. This meant that Texas producers were no longer limited in the vol‐
ume of oil that they could produce from their wells. More important, it meant that the pow‐
er to control crude oil prices shifted from the United States (Texas, Oklahoma and
Louisiana) to OPEC. By 1971, there was no spare production capacity in the U.S. and there‐
fore no tool to put an upper limit on prices.

A little more than two years later, OPEC through the unintended consequence of war ob‐
tained a glimpse of its power to influence prices. It took over a decade from its formation for
OPEC to realize the extent of its ability to influence the world market.

In 1972, the price of crude oil was below 3,50 $ per barrel. The Yom Kippur War started with an
attack on Israel by Syria and Egypt on October 5, 1973. The United States and many countries in
the western world showed support for Israel. In reaction to the support of Israel, several Arab
exporting nations joined by Iran imposed an embargo on the countries supporting Israel.
While these nations curtailed production by five million barrels per day, other countries were
able to increase production by a million barrels. The net loss of four million barrels per day ex‐
tended through March of 1974. It represented 7 percent of the free world production. By the
end of 1974, the nominal price of oil had quadrupled to more than 12,00 $.

Any doubt that the ability to influence and in some cases control crude oil prices had passed
from the United States to OPEC was removed as a consequence of the Oil Embargo. The ex‐
treme sensitivity of prices to supply shortages, became all too apparent when prices in‐
creased 400 percent in six short months.
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From 1974 to 1978, the world crude oil price was relatively flat ranging from 12,52 $ per bar‐
rel to 14,57 $ per barrel. When adjusted for inflation world oil prices were in a period of
moderate decline. During that period OPEC capacity and production was relatively flat near
30 million barrels per day. In contrast, non-OPEC production increased from 25 million bar‐
rels per day to 31 million barrels per day.

In 1979 and 1980, events in Iran and Iraq led to another round of crude oil price increases.
The Iranian revolution resulted in the loss of 2,0-2,5 million barrels per day of oil production
between November 1978 and June 1979. At one point production almost halted.

The Iranian revolution was the proximate cause of the highest price in post-WWII history.
However, revolution's impact on prices would have been limited and of relatively short du‐
ration had it not been for subsequent events. In fact, shortly after the revolution, Iranian pro‐
duction was up to four million barrels per day.

In September 1980, Iran already weakened by the revolution was invaded by Iraq. By No‐
vember, the combined production of both countries was only a million barrels per day. It
was down 6,5 million barrels per day from a year before. As a consequence, worldwide
crude oil production was 10 percent lower than in 1979.

The loss of production from the combined effects of the Iranian revolution and the Iraq-Iran
War caused crude oil prices to more than double. The nominal price went from 14 $ in 1978
to 35 $ per barrel in 1981.

3.3. Renaissance of EV

In the seventies began the renaissance of EV. Fixed price of oil, which is less and less availa‐
ble, and the problems associated with its production and transport, leads to renewed inter‐
est in electric vehicles. At that time, it seemed that the coal and oil reserves would exhaust
quickly, predicted at the beginning of the third millennium, so the world began to think
about the "energy conservation". In addition, ongoing technical advances made with high
quality and effective solutions of speed regulator for electric motor, lighter batteries and
lighter materials for the body.

After 1970. environmental problems and oil crises increased the actuality of electric vehicles.
Especially in the United States the interest of the citizens awoke who have acquired a habit
to use widely electric vehicles for golf courses, for airports, for parks and fairs. According to
some sources, one third of vehicles intended for driving on gravel roads were with electric
traction. So there was a need to develop a new industry.

1974 Sebring - Vanguard began producing electric vehicles on the lane. City Car with two-seat,
weighs 670 kg, and an electric voltage 48 V, 2,5 kW power only, achieved a maximum speed of
45 km/h. With an improved variant of this operation the maximum speed of 60 km/h was ac‐
complished. The vehicle exceeded up to 75 kW with a single charge of batteries and the cost
was about 3.000 US$. Only between the 1974th and 1976. about 2.000 of these vehicles was pro‐
duced 1974. Copper Development Association Inc. made a prototype electric passenger vehi‐

New Generation of Electric Vehicles38

cle. Although it used lead-acid batteries, it could develop a top speed of 55 mph (90 km/h), and
could go over 100 mph (161 km/h with one battery charge at a speed of 40 mph (65 km/h).

Among the achievements of the General Motors company at the time was the GM 512 vehicle
designed for drive in urban areas that are closed for classic cars. These are two types of small
passenger vehicles with a carriage-body constructed partly of glass resin, but one is with pure
electro propulsion and the other is a hybrid. Basic data on pure electric version are: weight 560
kg, the engine of 6 kW, a maximum speed of 70 km/h. With a 150 kg lead acid batteries could be
run without charge from 50 to 70 km. It was supplied even with an air conditioning.

The largest exhibition of electric vehicles ever made till then, EV Expo 78, in [11], was held
in Philadelphia. Expo displayed more than 60 electric vehicles with prices from 4.000 $ to as
much as 120.000 $.

The first electric vehicle, General Motors, a prototype car with four seats cost 6.000 $. It was
planned as a second family vehicle.

Secondly there is an electric vehicle Electric Runabouth Copper, who is a manufacturer of
Copper Development Association Inc. said that it can be produced for 5.000 $. The vehicle
mass of 950 kg, with four seats, made of fiberglass, had a top speed around 110 km/h could
not move without charge to 130 km before its battery runs out of battery. It has a 10 kW elec‐
tric motor that could, in one-hour mode, it delivers up to 15 kW and ups eliminates up to 22
%. Weight of batteries was about 380 kg.

Figure 6. A typical city car (City Car) with two seats, weighs only 670 kg had a top speed of 28 mph (45 km/h) and
radius of movement up to 65 km.

Most EV were relatively modestly equipped, but the Electric Car Corporation of Michigan,
he believed the first luxury electric vehicle called the Silver Volt. The prototype of this five-
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tric motor that could, in one-hour mode, it delivers up to 15 kW and ups eliminates up to 22
%. Weight of batteries was about 380 kg.

Figure 6. A typical city car (City Car) with two seats, weighs only 670 kg had a top speed of 28 mph (45 km/h) and
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seat EV has achieved a top speed of movement 110 km/h had a radius of 160 km between
charges the battery. Silver Volt owned air conditioning and was sold for about 15.000 $.

Some companies also produce and display luxury EV priced up to 120.000 $ the most expen‐
sive ever built passenger car of this type.

Figure 7. Copper City Electric Car Runabouth power 15 kW made on the basis of cooperation for the use components
of Renault R5.

The majority of EV is driven by a conventional lead-acid batteries that are found even
1868th years and are still the mainstay of the vehicles. But the lead-acid batteries have also
already been the primary limiting factor for the development of EV. Pointed out that at least
40 million vehicles in the U.S., a total of 110 million, can be electrically driven second family
vehicle as meeting the ecology and urban and suburban driving conditions. However, lead
batteries and still remain a limiting factor in EV that time.

Laden vehicle

total weight 1.134kg

Empty vehicle

Curb weight 934 kg

46,3 % Body 542 kg 56,1 %

27,3 % Batteries 310 kg 33,2 %

8,8 % Electric propulsion 100 kg 10,7 %

13,2 % 2 passengers 150 kg

4,4 % Payload 50 kg

Table 1. Percentage distribution of the reconstructed mass of the vehicle YUGO-E when it is empty and loaded.

New Generation of Electric Vehicles40

From this period, the EV was largely rebuilt vehicles from the existing series production ve‐
hicle with the drive IC. And with a maximum weight of lead acid batteries, the performan‐
ces of these cars were quite limited. As an example, the percentage distribution of the
reconstructed mass of the vehicle can serve example of the reconstructed vehicle YUGO-E
when it is empty and loaded, reference [12, 13].

1. Body YUGO - E Type of vehicle passanger

dimensions 3,49*1,542*1,392 m Empty vehicle weight 934 kg

Useful load 2 persons + 50 kg drive front-wheel

Brakes disk, front and back Control over the rack

2. Direct current electric motor Power 6,3 kW

Voltage 72 V Rated current 113 A

Number of revolution 2.800 min-1 Weight 38 kg

3. battery Type traction

Total voltage 72 V Capacity ( 20h ) 143 Ah

Pieces 6 Total Weight 294 kg

4. Voltage regulator Type transistor chopper

Current limit 180 A Voltage drop at current of 100 A 0,7 V

Undervoltage disconnection 48 V Weight 4 kg

5. Battery charger Battery charger characteristic IUUo

Voltage 72 V Current 18 A

Power 1.800 W Weight 38 kg

6. DC / DC converter Type with galvanic isolation

Output voltage 13,5 V Maximum output currant 22,2 A

power 300 W Weight 2 kg

Table 2. Technical data of electric drive Yugo-E, in [13].

3.4. Impact of the development of power electronics on the development of EV

The invention of the transistor in 1948 revolutionized the electronics industry. Semiconduc‐
tor devices were first used in low power level applications for communications, information
processing, and computers. In 1958, General Electric developed the first Tyristor, which was
at that time called SCR, in [14]. Since around 1975, more turn-off power semiconductor ele‐
ments were developed and implemented during the next 20 years, which have vastly im‐
proved modern electronics. Included here are improved bipolar transistors (with fine
structure, also with shorter switching times), Field Effects Transistors (MOSFETs), Gate
Turnoff Thyristors (GTOs) and Insulated Gate Bipolar Transistors (IGBTs).

The Contribution and Prospects of the Technical Development on Implementation of Electric and Hybrid Vehicles
http://dx.doi.org/10.5772/51771

41



seat EV has achieved a top speed of movement 110 km/h had a radius of 160 km between
charges the battery. Silver Volt owned air conditioning and was sold for about 15.000 $.

Some companies also produce and display luxury EV priced up to 120.000 $ the most expen‐
sive ever built passenger car of this type.

Figure 7. Copper City Electric Car Runabouth power 15 kW made on the basis of cooperation for the use components
of Renault R5.

The majority of EV is driven by a conventional lead-acid batteries that are found even
1868th years and are still the mainstay of the vehicles. But the lead-acid batteries have also
already been the primary limiting factor for the development of EV. Pointed out that at least
40 million vehicles in the U.S., a total of 110 million, can be electrically driven second family
vehicle as meeting the ecology and urban and suburban driving conditions. However, lead
batteries and still remain a limiting factor in EV that time.

Laden vehicle

total weight 1.134kg

Empty vehicle

Curb weight 934 kg

46,3 % Body 542 kg 56,1 %

27,3 % Batteries 310 kg 33,2 %

8,8 % Electric propulsion 100 kg 10,7 %

13,2 % 2 passengers 150 kg

4,4 % Payload 50 kg

Table 1. Percentage distribution of the reconstructed mass of the vehicle YUGO-E when it is empty and loaded.

New Generation of Electric Vehicles40

From this period, the EV was largely rebuilt vehicles from the existing series production ve‐
hicle with the drive IC. And with a maximum weight of lead acid batteries, the performan‐
ces of these cars were quite limited. As an example, the percentage distribution of the
reconstructed mass of the vehicle can serve example of the reconstructed vehicle YUGO-E
when it is empty and loaded, reference [12, 13].

1. Body YUGO - E Type of vehicle passanger

dimensions 3,49*1,542*1,392 m Empty vehicle weight 934 kg

Useful load 2 persons + 50 kg drive front-wheel

Brakes disk, front and back Control over the rack

2. Direct current electric motor Power 6,3 kW

Voltage 72 V Rated current 113 A

Number of revolution 2.800 min-1 Weight 38 kg

3. battery Type traction

Total voltage 72 V Capacity ( 20h ) 143 Ah

Pieces 6 Total Weight 294 kg

4. Voltage regulator Type transistor chopper

Current limit 180 A Voltage drop at current of 100 A 0,7 V

Undervoltage disconnection 48 V Weight 4 kg

5. Battery charger Battery charger characteristic IUUo

Voltage 72 V Current 18 A

Power 1.800 W Weight 38 kg

6. DC / DC converter Type with galvanic isolation

Output voltage 13,5 V Maximum output currant 22,2 A

power 300 W Weight 2 kg

Table 2. Technical data of electric drive Yugo-E, in [13].

3.4. Impact of the development of power electronics on the development of EV

The invention of the transistor in 1948 revolutionized the electronics industry. Semiconduc‐
tor devices were first used in low power level applications for communications, information
processing, and computers. In 1958, General Electric developed the first Tyristor, which was
at that time called SCR, in [14]. Since around 1975, more turn-off power semiconductor ele‐
ments were developed and implemented during the next 20 years, which have vastly im‐
proved modern electronics. Included here are improved bipolar transistors (with fine
structure, also with shorter switching times), Field Effects Transistors (MOSFETs), Gate
Turnoff Thyristors (GTOs) and Insulated Gate Bipolar Transistors (IGBTs).

The Contribution and Prospects of the Technical Development on Implementation of Electric and Hybrid Vehicles
http://dx.doi.org/10.5772/51771

41



Figure 8. Change the battery voltage during DC recuperative braking in [15, 16].

Although they initially made Chopper with thyristors, later almost exclusively were made
with transistors. The main difference is that Chopper with thyristors operates up to several
hundred Hz, and the power transistors and up to several tens of kHz. For use the EV used
Chopper with mutual influence (for lowering and raising the voltage), because this type of
chopper allows propulsion and recuperative or regenerative braking drive motors. In this
way it is possible to drive DC generator machine brake or braking to convert mechanical en‐
ergy into electrical energy in [17].

It is well known, there are two modes of operation of electric vehicles. In the electric motor
drive mode, in the operation is step down chopper and the average voltage on the electric
motor is less then battery voltage. In the electric braking mode, in the operation is step up
chopper, so the less voltage of the electric motor supply battery on higher level voltage and
on that way there is recuperative braking.

3.5. End of the 20th century

Late 20th century contributed to an even greater exacerbation of conditions around the EV
application. Scientists have become aware that environmental pollution is becoming larger,
the emission of exhaust gases and particles affect climate change and that non-renewable en‐
ergy sources under the influence of high demand and exploitation are becoming more ex‐
pensive and slowly deplete.

Technology is certainly a double edged sword that has also created new problems such as
pollution, overpopulation, the greenhouse effect, depletion of the ozone layer, and the threat
of extinction from nuclear war. It has also been used to give us prosperity our ancestors
could never have dreamed about. Whether it is ultimately used for our benefit or destruc‐
tion is up to us and remains in the balance

In 2010, the world's population reached 6,9 billion persons in [18]. It is expected to attain 9,3
billion in 2050 and 10,1 billion by the end of the century. The proportion of the population
living in urban areas grew from 29 per cent in 1950 to 50 per cent in 2010. By 2050, 69 per
cent of the global population, or 6,3 billion people, are expected to live in urban areas. The
atmospheric concentration of carbon dioxide (CO2), the main gas linked to global warming,

New Generation of Electric Vehicles42

has increased substantially in the course of economic and industrial development. CO2
emissions are largely determined by a country's energy use and production systems, its
transportation system, its agricultural and forestry sectors and the consumption patterns of
the population. In addition to the impact of CO2 and other greenhouse gases on the global
climate, the use of carbon-based energy also affects human health through local air pollu‐
tion. Currently, CO2 emissions per person are markedly higher in the more developed re‐
gions (12 metric tons per capita) than in the less developed regions (3,4 metric tons per
capita) and are lowest in the least developed countries (0,3 metric tons per capita). Industrial
and household activities as well as unpaved roads produce fine liquid or solid particles such
as dust, smoke, mist, fumes, or smog, found in air or emissions. Protracted exposure to Par‐
ticulates is detrimental to health and sudden rises of concentration may immediately result
in fatalities. Concentration of particulate matter in the air of medium and large cities is in‐
versely correlated with the level of development.

Ownership of passenger cars has increased considerably worldwide and the transportation
of goods and services by road has intensified. Rising demand for roads and vehicles is asso‐
ciated with economic growth but also contributes to urban congestion, air and noise pollu‐
tion, increasing health hazards, traffic accidents and injuries. Motor vehicle use also places
pressure on the environment, since transportation now accounts for about a quarter of the
world's energy use and half of the global oil consumption, and is a major contributor to
greenhouse gas emissions. In the more developed regions there are more than 500 motor ve‐
hicles per 1000 population. In the less developed regions this ratio is only 70 vehicles per
1000 population, but it is increasing more rapidly than in the more developed regions.

Energy generated by the combustion of fossil fuels and biomass often results in air pollu‐
tion, affecting the health of ecosystems and people. This type of combustion is also the main
source of greenhouse gases and rising atmospheric temperatures.

However, in the late 20th century has made improvements in electric drives. Quality inver‐
ters are designed with the ability to control the voltage and frequency, enabling the use of
induction motors to drive the EV in [19]. Asynchronous (induction) motor is simpler, light‐
er, more efficient and robust than DC motors. Despite all that, its price is considerably lower
than the DC motor. Maximum speed is increased by 50% to 150% of maximum speed DC
motor which is limited because of problems with commutation. The efficiency of induction
motors is from 95% to 97%, and is higher than that of DC motor from 85% to 89% for DC
motors. Inverters are power converters that convert the DC voltage alternating current, the
required frequency and amplitude [20, 21].

4. Start of the 21st century

The unprecedented decrease in mortality that began to accelerate in the more developed
parts of the world in the nineteenth century and expanded to all the world in the twentieth
century is one of the major achievements of humanity. By one estimate, life expectancy at
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birth increased from 30 to 67 years between 1800 and 2005, leading to a rapid growth of the
population: from 1 billion in 1810 to nearly 7 billion in 2010, in [22].

With the growth of population in the world there is a need to increase transportation of peo‐
ple, goods and raw materials as a prerequisite for the growth of production and consump‐
tion and the standard of living. This constant growth is natural and expected process of
development of civilization and one of the most important indicators of development of so‐
ciety and humanity so that today a life without road traffics considered unthinkable.

Big boost for electric vehicle development was given by the developed countries where air
pollution is receiving alarming values.

In cities with large population, and where there is a big environmental pollution, the city
authorities have taken some steps to the special places provided for movement and recrea‐
tion citizens to reduce air pollution. In places where there are a large number of urban popu‐
lations, city governments often support the eco-drive vehicles.

First of all vehicles are required city services that are moving in the streets intended for pe‐
destrians, such as travel or vehicle inspection. In addition, various types of tourist vehicles
moving at pedestrian areas or in city parks. Then, various kinds of utility and delivery vehi‐
cles that work in limited areas such as rail bus stations or airports.

In order to significantly reduce oil consumption and pollution in the world that creates traf‐
fic especially in big cities it is necessary to make the transition from today's cars with inter‐
nal combustion engines to electric drives. Given the poor performance of EV on the market
there are fewer of these vehicles, although almost all major manufacturers of passenger ve‐
hicles operate on the development of these vehicles.

Although scientist Nikola Tesla wrote and discussed the use of EV with the alternate (induc‐
tion) engine until 1904. in [23], when the EV is already contained in the traffic in the United
States a decade ago founded the company bearing his name, Tesla Motors, which is produc‐
ing very interesting and modern sports EV.

EV "Tesla Roadster" is a sport, the first serial built car that used lithium-ion battery in [24],
and the first one which had a radius greater than 320 km on a single charge.

The vehicle has a length of 3.946mm, 1.851mm width and a curb weight is 1.234 kg. Use‐
ful load is for 2 persons, and the weight of batteries is 450 kg. The AC drive motor has a
power 185 kW and a maximum speed of rotation 14.000 min-1. Voltage Li-ion battery is a
375 V and capacity 145 Ah. Charger of the rechargeable battery is inductive (contactless).
The vehicle can travel up to 231mile (372 km) in city driving with standard EPA testing
procedure. Speed of 60 mph (97 km/h) can be achieved only by 3,9 s,  top speed is elec‐
tronically  limited  to  125  mph  (201  km/h).  This  vehicle  has  made  the  largest  radius  of
movement  on single  charge  EV batteries  311  miles  (501  km).  Electricity  consumption is
only 145 Wh per kilometer of road travelled.

Mass production of this vehicle was started in early 2008. year. Despite the crisis that is evi‐
dent and the prices of over 100,000 USD in the beginning of sales, has so far sold more than
1000. pieces of this vehicle in [25].

New Generation of Electric Vehicles44

Figure 9. Tesla Roadster electric car of the firm Tesla Motors.

On The development of modern EV worked both large and small manufacturers of motor ve‐
hicles. EV still has significant problems arising from low-volume production so that these ve‐
hicles are still expensive and thus less attractive. In the first place it is air-conditioning for
passengers and a relatively small possibility of storing electricity in batteries. The necessity of
development of plant components specially developed for series production will be affected
by the low price of these components. Great stimulus to the occurrence of EV on the World Fair
is given by Far eastern markets provide producers in [26, 27], which also made a series of large
vehicles substantially at lower prices and affordable to most buyers in developed countries.

4.1. Hybrid Vehicle (HV)

Oil prices value on world markets in spring 2008. exceeded 100 $/barrel, with previous ana‐
lyzes have designated this value as the marginal cost of EV use. Oil prices reached a value of
147 $/barrel in early July 2008., and shortly thereafter dropped to a value of only 40 $/barrel,
it is nowday stabilized at value around 100 $/barrel.

One of the objectives of the new plan, which President Obama has described as "historic", is
to replace the existing complex system of federal and state laws and regulations on exhaust
emissions and fuel economy. Announcing the plan in [28], President Obama said that "the
status quo is no longer acceptable," as it creates dependency on foreign oil and contributes
to climate change. Effects of new measures will be as if from the roads in America 177 mil‐
lion vehicles have been removed and that the state saves as much oil as in 2008. was import‐
ed from Saudi Arabia, Venezuela, Libya and Nigeria.

Since then it speeds up the development and improvement of a mostly EV batteries or
"power tank" which the vehicle carries. Parallely is working on improving the use of EV
which now can be used for some applications, as well as the use of HV.
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Not finding the opportunity to meet the existing types of EV driving habits with conventional
drive vehicles, and vehicles with conventional drive to meet certain environmental require‐
ments, motor vehicle manufacturers have come to the medium solution, so called. hybrid
drive. If the hybrid has a higher capacity battery that can be recharged via connection to an ex‐
ternal source and distribution network, then it is a "plug in" hybrid vehicle (PHV)

HV makes real breakthrough in terms of reducing consumption of fossil fuels, as well as
in terms of environmental benefits,  and improving air quality in cities,  which is encour‐
aged by governments in some western countries. Using PHV reduces smog emissions es‐
tablished in the cities, in [29].

Although PHV will never become a "zero-emission vehicles" (ZEV) due to their internal com‐
bustion engine, the first PHV which appeared on the market reduce emissions by one third to
half in [30], and is expected from more modern models to reduce emissions even more.

There are several types of applications in hybrid drive vehicles. Common to all is that a shorter
time in the city center, vehicle can move with the electric drive as an environmentally clean and
then to aggregate that includes the IC engine that runs at the optimal point of operation. In this
way the HV has minimal emissions and minimal consumption of petroleum products.

Figure 10. Diagram of the specific consumption of diesel engine as a function of maximum continuous power, [31, 32].

HV has two drives, and practically unlimited radius of movement. In the regime of pure
electric drive with modest performance with maximum speed of 80 km/h small autonomous
movement of about 80 km radius, but because of that the hybrid drive doubles the speed
and radius becomes practically unlimited. Because the two types of power, HV is about 35
% more expensive than the equivalent of cars with internal combustion engine, but to create
habits of drivers, some states stimulated by reducing taxes for these vehicles.

New Generation of Electric Vehicles46

The general conclusion is that is a positive step towards the introduction of environmental
drive vehicles. However, since no definitive solution is found, experiments with pure elec‐
tric and hybrid solutions carried out, as well as various types of technical drive solutions.
Despite the turbulent development of EV and HV, some experts believe that vehicles with
ICE will dominate for more 15 years, but even after that will not disappear in [33].

The main reason for the production and purchase of hybrid vehicles down to fuel economy
in city driving, but are often cited and highlight information on saving energy and reducing
pollution in [34, 35]. Best-selling HV Prius in [36], has a fuel-efficiency of 51 mpg (21,7 km/l)
in the city and 48 mpg (20,4 km/l) on the open road. Typically, in our present data on con‐
sumption per 100km distance traveled, so that consumption in the city is 4,6 l/100 km and
on the open road is about 4,9 l/100 km.

4.2. Plug in EV (PEV)

EV with batteries still have a small market share in the sale and use of cars, but different
types of EV, especially the Army, that made significant progress. This was especially fa‐
vored new legislation announced by the U.S. administration.

It is known that the EV motor vehicle was powered by an electric motor fed from an electro‐
chemical power sources. Often, an electric vehicle (EV) is called the zero vehicle emissions
(ZEV), because it emits no harmful particles into the atmosphere. In the older literature, for
EV use the terms electric vehicle (EM) or autonomous electric vehicle (AEV) [37].

The basic components of the EV are battery pack as a "reservoir of power" and drive electric
motor with speed regulator.

Figure 11. Experts' forecasts of consumption of hybrid vehicles by 2030. in [38].
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Not finding the opportunity to meet the existing types of EV driving habits with conventional
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Figure 10. Diagram of the specific consumption of diesel engine as a function of maximum continuous power, [31, 32].
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If someone install aggregate in the EV that has a combustion engine and generator, we get a
hybrid variant of EV and then it is always possible when driving or when necessary to re‐
charge the battery. With this solution the drive gets slightly higher consumption of oil prod‐
ucts in long-distance driving and slightly lower performance with the drive in vehicles with
internal combustion engine. But, in the city center, when the internal combustion engine is
not in operation, the car behaves ecologically and uses less oil derivatives per kilometer of
road vehicles then vehicle with internal combustion engine.

Hybrid vehicles are vehicles in which exists a combination of internal combustion engines
(gasoline or diesel) and electric drive, but have limited features of the electric drive mode
and can be supplemented from the power grid.

"Plug in" HV are vehicles that can move a distance of 15 to 60 km with a charged battery
pack and then the batteries need to be supplemented from the power grid or by combustion
engines. Often embedded computer determines the optimal conditions to charge.

The main differences between HV and "Plug in" HV Prius becomes obvious if one looks at
the range or increase the radius of the vehicle in electric mode, approximately 2 km (Prius)
to 23,4 km (PHV), in [39].

Prius PHV Prius HV

Dimensions (length/width/height) 4.460/1.745/1.490 mm ←

Curb weight 1.490 kg 1.350 kg

Seats 5 persons ←

Maximum engine power 60 kW (82 KS) ←

Maximum power of the entire system 100 kW (136 KS) ←

Storage energy Li-ion battery

(5,2 kWh)

NiMH batterya

(1,3kWh)

Engine Displacement / maximum power 1.797cc / 73kW (99hp) ←

Fuel consumption PHV 57,0 km/l –

Fuel consumption HV 30,6 km/l 32,6 km/l

EV range 23,4 km around 2 km

EV top speed 100 km/h 55 km/h

Electrical energy efficiency 6,57 km/kWh –

Battery recharge time About 100 min. (200V)

about 180 min. (100V)

–

Table 3. Technical characteristics comparison of the hybrid Prius"Plug in" hybrid vehicles and Prius hybrid vehicles) in [39].

In addition, it is improved specific fuel consumption in the hybrid mode. Studies have
shown that in Japan, 90 % of drivers exceed the average daily distance below 50 km and 60
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km and 75 in the EU and the U.S. respectively. In this case, the expected cost of vehicles
greatly influences the price of electricity which during the day in Japan is about 20
cents/kWh and late at night around 8 cents/kWh. It should be noted that the average price of
electricity in Serbia amounts to only 5 EU cents/kWh.

The best-selling hybrid car in the U.S. "Toyota Prius", has the highest demand when fuel pri‐
ces rise. The state encourages the producer price of 6.400$, in [40], so that the standard mod‐
el sells for just 21.610 US$). The fuel economy of this vehicle is 48 mpg (4,9 l/100 km) in city
driving and 45 mpg (5,2 l/100 km) on the open road. Translated into fuel consumption per
100 km is 5,2 l/100 km in city driving and 4,9 l/100 km on the open road.

Large oil producers, such as BP33, consider that in future, up to 2030. PHV will be domi‐
nant, primarily due to a reduction in fuel consumption per kilometer of the road, figure 11.

5. Factors that influence the further development of the EV

Transport in cities today is based on other petroleum derivatives. With today's technical sol‐
utions existing EV’s does not have enough energy so that it can achieve a radius of move‐
ment and performance competitive with internal combustion powered vehicles. On the
other hand, the absence of exhaust emissions and low noise make the EV attractive for some
specific purposes such as short trips with frequent stops in which vehicles with internal
combustion engines would have inefficient work.

In addition to high economic dependence on oil and oil products, is a common problem and
protecting the environment, reducing emissions and greenhouse gases. It is anticipated that,
due to technology development, energy consumption in production systems, despite the
larger volume of production in the coming years largely be stagnant.

There are several factors that influence the development of EV:

• Growth in world population and transportation needs

• Energy demand in the world

• Crude oil as an energy source

• Pollution and global warming

• World production and consumption

• Efficiency of electric drives

5.1. The growth in world population and transportation needs

As the main means of mass transportation, cars with internal combustion engines marked the
twentieth century. However, the consequences of this form of mass transportation are a large
amount of harmful exhaust substances that pollute the environment. Finding alternative ener‐
gy sources that would move the vehicle could solve this problem. One possible solution is EV.
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Country Number of vehicles

01 China 13.897.083 

02 Japan 8.307.382 

03 Germany 5.552.409 

04 South Korea 3.866.206 

05 Brazil 2.828.273 

06 India 2.814.584 

07 US 2.731.105 

08 France 1.922.339 

09 Spain 1.913.513 

10 Mexico 1.390.163 

Table 4. Production of passenger cars in the world's 2010th in [41].

The world in 2010. year, according to OICA in [41], produced 58,305,112 passenger vehicles
used to transport passengers. China topped the list with almost 24% of produced cars fol‐
lowed by Japan, Germany and South Korea. Despite the large car manufacturers for which
she is known in the world, the U.S. ranks only seventh in the world,

5.2. Energy demand in the world

Population growth in the world and general technical advances cause a growing need for all
types of energy. Percentage of growth energy use needs in the world is greater than the per‐
centage of population growth. Today, more than half, or 56 % of the world's energy con‐
sumed in the U.S., Japan and the European Union. As these countries are relatively poor in
energy resources, they represent the largest energy importers.
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Figure 12. Consumption or total primary energy in the world since 1990. to the date and forecast till 2035.
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The statistical overview of the total consumption of primary energy in the world since 1.990. to
date, as well as forecast till 2.035. years is shown in figure 12 and expressed in PWh. in [42].

Estimates are that due to increasing consumer demands, and especially because of increas‐
ing demands for the transportation of goods and people, energy demand increased by about
1.5 to 2 % per annum. It is believed that in the period from 2000. to 2050. The demand for
energy will be more than doubled.
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Figure 13. Types of suitable monitoring of energy in the world in the period since 1990. year to date and fore‐
cast by 2035.

The different energy sources in total or primary energy consumption in the world in the
same period and forecast up until 2035. is presented in figure 13. This balance includes oil,
natural gas, solid fuels, nuclear energy and renewable energy sources with heat recovery
lost during combustion of other fuel types. Weaker energy sources, such as wood, biomass
and other sources in these considerations are not taken into account.

It may be noted that the share of nuclear 'energy significantly increases and the prediction
indicate that, despite all the concern and dissatisfaction of the "green" this type of energy
will be exploited more and more. There are expectations that all types of renewable energy
products and exploit all the more. Although these sources are currently produced per unit
of energy even more expensive than others, it is believed that in the future primarily due to
new technologies and mass production price significantly reduced.

Coal remains the main source of energy. Consumption and production of natural gas is in‐
creasing. Production of hydropower is poor because the share of water flows in the produc‐
tion of electricity is utilized enough.

5.3. Oil as an energy source

Although the share of oil in total primary energy percentage decreases, production, con‐
sumption of oil is generally increasing. There are opposing tendencies: on the one hand, in‐
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The different energy sources in total or primary energy consumption in the world in the
same period and forecast up until 2035. is presented in figure 13. This balance includes oil,
natural gas, solid fuels, nuclear energy and renewable energy sources with heat recovery
lost during combustion of other fuel types. Weaker energy sources, such as wood, biomass
and other sources in these considerations are not taken into account.

It may be noted that the share of nuclear 'energy significantly increases and the prediction
indicate that, despite all the concern and dissatisfaction of the "green" this type of energy
will be exploited more and more. There are expectations that all types of renewable energy
products and exploit all the more. Although these sources are currently produced per unit
of energy even more expensive than others, it is believed that in the future primarily due to
new technologies and mass production price significantly reduced.

Coal remains the main source of energy. Consumption and production of natural gas is in‐
creasing. Production of hydropower is poor because the share of water flows in the produc‐
tion of electricity is utilized enough.

5.3. Oil as an energy source

Although the share of oil in total primary energy percentage decreases, production, con‐
sumption of oil is generally increasing. There are opposing tendencies: on the one hand, in‐
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creased daily transport of people and goods, while the second reduction of imported
energy, environment and the negative economic balance. Over 97 % of fuel consumed in the
transport sector, U.S. in [43], is based on oil, and this represents about two-thirds of the total
national oil consumption. Although the specific consumption of liquid fuels in vehicles since
1970. The steadily declining, population growth and the length of distance traveled per capi‐
ta is increasing and contributing to the total consumption of liquid fuels for transport.

And if efforts are made to find new sources and new facts indicate that this type of energy is
slowly decreasing and scientists expect that for some time all sources of energy will dry up.

Figure 14. Prices of petroleum products on the market in Rotterdam in [44]. since 1993. expressed in U.S. $ per barrel.

Figure 15. Forecast of global production of liquid fuels by 2035.

New Generation of Electric Vehicles52

According to a statistical review of BP (British Petroleum) [44], in 2.011., figure 14 shows
the increase in prices of  petroleum products in Rotterdam since 1993.  expressed in U.S.
dollars per barrel.

Forecast of production of petroleum products in the world by 2.035. year, according to the
Energy Information Administration (EIA) in [42], is shown in figure 15. We hope to discover
new oil fields, and activate the existing drain current, so that the next 25 years, production
of crude oil will mainly keep the existing values. Expected to increase consumption of natu‐
ral gas and non-conventional liquid fuels. At the same time certain redistribution of the con‐
sumption of liquid fuels will be made. Expected increase in consumption of liquid fuels for
transport and to a lesser extent for other consumers.

Taking into account today and proven preset fossil fuel reserves can be estimated that up to
half of the century the transport sector and transport of energy resources was largely satis‐
fied, but certainly not after the 2050th year, if only with today's fuel reserves appeared a
new energy crisis, in [45].

5.4. Environmental pollution and global warming

Modern transport has contributed to overall economic progress but also caused problems
and environmental pollution, traffic congestion and problems of energy supply - particular‐
ly in times of energy crisis.

Air pollution by burning fuel in motor vehicles becomes the most important global issue,
especially in urban areas worldwide. Emission of pollutants originating from motor vehi‐
cles caused by the level of traffic, possibility of roads and weather conditions. Pollutants
from the exhaust system of motor vehicles reach the atmosphere and are dependent com‐
position, and fuel volatility.

In terms of impact on global atmospheric pollution and problems associated with it, the
most important effect is the increase in global mean temperature. From the standpoint of
global warming the greatest danger represents carbon dioxide, an unavoidable component
of the combustion products of petroleum products, in [46].

Human activities in the past two centuries have been based on the large use of hydrocar‐
bons to obtain the necessary energy. Therefore, the amount of "greenhouse gases" in the at‐
mosphere has increased and is expected to lead to increase in average global temperature.

In addition to air pollution in violation of the environment and space as a significant natural
resource waste oils are participating, as well as uncontrolled release of oil, in [47]. to con‐
taminate surface and groundwater.

In contrast to the natural greenhouse effect, an additional effect caused by human activi‐
ty  contributes  to  global  warming  and  may  have  serious  consequences  for  humanity.
Earth's  average  surface  temperature  has  increased by  about  0,6  °C in  [48],  only  during
the twentieth century.

In addition, if we can not take any steps toward limiting emissions of greenhouse gases in
the atmosphere, concentrations of carbon dioxide by 2100. can be expected to reach values
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between 540 and 970 million particles of the volume. This concentration of carbon dioxide is
leading to global temperature increase between 1,4 and 5,8 °C by the end of this century.
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Figure 16. Forecast comparison of carbon emissions in the period since 2007. until 2035. The OECD countries and oth‐
er countries.

The temperature rise of this magnitude would also have impacted on the entire Earth's cli‐
mate, and would be manifested trough the frequent rainfall, more tropical cyclones and nat‐
ural disasters every year in certain regions, or on the other hand, in other regions such as
long periods of drought, which would overall have a very bad effect on agriculture. Entire
ecosystems could be severely threatened extinction of species that could not be fast enough
to adapt to climate change.

In order to reduce air pollution from vehicles and to make more economical cars in the fight
against global warming and reducing dependence on oil in the U.S. are preparing new
standards for reducing automobile emissions and reduce consumption of fossil fuels. The in‐
tention of the U.S. administration is that these measures by 2016. reduce he emissions from
vehicles by 30 %. Under the new standards for passenger vehicles, fuel consumption must
be reduced to a level of 35,5 miles/gallon (6,62 l/100 km) in [49]. It is expected that new pro‐
posals for new vehicles in the average rise in price by about 1,300 $ in 2016. year. It should
be noted that the U.S. is the largest automobile market in the world with about 250 million
registered vehicles

5.5. World production and consumption of electric energy in the World

A necessary precondition for economic development and growth of each country and the re‐
gion is safe and reliable electricity supply. Electricity consumption per capita is highest in
the Nordic countries (to a maximum of 24,677 kWh, Iceland) and in North America. Almost
half of EU countries have nuclear power plants so that in France and Lithuania almost 75 %
of electricity is obtained from nuclear power plants in [50].

New Generation of Electric Vehicles54

The growth and forecast growth of electricity production in the world and the total energy
consumption in the period 1990 - 2035, according to the Energy Information Administration
(EIA) is shown in Figure 17.

Base for observation of this comparison was taken 1990. year. It may be noted that the real
growth of electricity consumption in the period since 1990. to 2006. is 59 % and overall ener‐
gy consumption 36 %. Forecasted growth in electricity consumption by 2025. amounts to 181
% and overall energy consumption 95 %.

Production and consumption of electricity for years has a steady growth of around 3.3 % per
year. Normal for middle-income countries has a slightly higher growth. Electricity produc‐
tion is obtained mostly by burning solid fuel 40 % and natural gases about 20 %. About 16 %
of electricity obtained from hydropower and only slightly less, 15 % from nuclear power
plants. Less than 10 % is obtained from petroleum.
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Figure 17. The share of energy in electricity generation in the world since 1971. to 2001, [50] Last few decades, the
share of electricity derived from nuclear power plants have increased considerably and from hydro has declined, al‐
though the total growth in electricity production obtained from hydropower continued. It is believed that the near
future will experience significant increase in production of electricity from nuclear power plants, to a lesser extent
from natural gas, and later also from renewable sources.

5.6. Efficiency of electric drives

Efficiency  of  electric  vehicles  was  marked  several  times  when  lead-acid  batteries  were
used. It can be divided into two parts: the degree of usefulness in the charging and dis‐
charging the batteries.

Batteries with a charger efficiency of 85 % conditioned that 15 % of the total power dissipat‐
ed in heat, all for process for charging batteries or refill the tank "of electricity." Charging
process is followed by the inevitable losses, so that for certain conditions and the charge cur‐
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between 540 and 970 million particles of the volume. This concentration of carbon dioxide is
leading to global temperature increase between 1,4 and 5,8 °C by the end of this century.
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The temperature rise of this magnitude would also have impacted on the entire Earth's cli‐
mate, and would be manifested trough the frequent rainfall, more tropical cyclones and nat‐
ural disasters every year in certain regions, or on the other hand, in other regions such as
long periods of drought, which would overall have a very bad effect on agriculture. Entire
ecosystems could be severely threatened extinction of species that could not be fast enough
to adapt to climate change.

In order to reduce air pollution from vehicles and to make more economical cars in the fight
against global warming and reducing dependence on oil in the U.S. are preparing new
standards for reducing automobile emissions and reduce consumption of fossil fuels. The in‐
tention of the U.S. administration is that these measures by 2016. reduce he emissions from
vehicles by 30 %. Under the new standards for passenger vehicles, fuel consumption must
be reduced to a level of 35,5 miles/gallon (6,62 l/100 km) in [49]. It is expected that new pro‐
posals for new vehicles in the average rise in price by about 1,300 $ in 2016. year. It should
be noted that the U.S. is the largest automobile market in the world with about 250 million
registered vehicles

5.5. World production and consumption of electric energy in the World

A necessary precondition for economic development and growth of each country and the re‐
gion is safe and reliable electricity supply. Electricity consumption per capita is highest in
the Nordic countries (to a maximum of 24,677 kWh, Iceland) and in North America. Almost
half of EU countries have nuclear power plants so that in France and Lithuania almost 75 %
of electricity is obtained from nuclear power plants in [50].
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The growth and forecast growth of electricity production in the world and the total energy
consumption in the period 1990 - 2035, according to the Energy Information Administration
(EIA) is shown in Figure 17.

Base for observation of this comparison was taken 1990. year. It may be noted that the real
growth of electricity consumption in the period since 1990. to 2006. is 59 % and overall ener‐
gy consumption 36 %. Forecasted growth in electricity consumption by 2025. amounts to 181
% and overall energy consumption 95 %.

Production and consumption of electricity for years has a steady growth of around 3.3 % per
year. Normal for middle-income countries has a slightly higher growth. Electricity produc‐
tion is obtained mostly by burning solid fuel 40 % and natural gases about 20 %. About 16 %
of electricity obtained from hydropower and only slightly less, 15 % from nuclear power
plants. Less than 10 % is obtained from petroleum.
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Figure 17. The share of energy in electricity generation in the world since 1971. to 2001, [50] Last few decades, the
share of electricity derived from nuclear power plants have increased considerably and from hydro has declined, al‐
though the total growth in electricity production obtained from hydropower continued. It is believed that the near
future will experience significant increase in production of electricity from nuclear power plants, to a lesser extent
from natural gas, and later also from renewable sources.

5.6. Efficiency of electric drives

Efficiency  of  electric  vehicles  was  marked  several  times  when  lead-acid  batteries  were
used. It can be divided into two parts: the degree of usefulness in the charging and dis‐
charging the batteries.

Batteries with a charger efficiency of 85 % conditioned that 15 % of the total power dissipat‐
ed in heat, all for process for charging batteries or refill the tank "of electricity." Charging
process is followed by the inevitable losses, so that for certain conditions and the charge cur‐
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rent was 82 %. This creates a loss of primary energy by 15,3 %. This implies that already in
the charging of batteries about 30 % of the total electrical energy is converted into losses.

The process of discharging the battery is quite complex. How discharge current overcome five-
hour discharge current and they belong to one-hour mode current to or even lower, there is a
significant drop in efficiency. For example. one-hour discharge mode, discharge current is
about 3,7 times higher than the five-hour, and a level of efficiency is 0,65. In discharge mode for
0,5 h, discharge current is about 5,5 times higher and the efficiency is only 0,45. In the tested ve‐
hicle we had a 45-minute discharge mode in which the utilization rate of 0,56, so that the pri‐
mary energy from the power grid consumes an additional 30.7%. Practically, this much power
is necessary to drive electric cars and overcoming all resistance to traction.

Assembly drive motor and voltage regulator exceeds the value of the degree of utilization of
94 % with the direction of growth, regardless of whether the DC or AC powered. For these
components not more than 7 % is lost of electricity drawn from the power grid. Transmis‐
sion along with the transmission gear has high efficiency of about 96 %, so that the compo‐
nents of the electric drive consumes only 1,5 % of primary energy.

Taking into account all the losses in transport of the electricity from the power grid to power
the drive wheels of the vehicle may be test requirements for electric vehicles Yugo – E, in
[51] obtain overall efficiency:

1 2 0,85 0,82 0,65 0,94 0,96 0,41pa a a r em th h h h h h h·= · · · · = · · · · = (1)

Charger 85%

Charging 82%

Discharging 65%

Electromotor and
regulator 94%
Transmission 96%

Total efficiency 51%

Figure 18. Diagram of losses and efficiency of electric vehicles.

The efficiency of primary energy is much better than machines with conventional drive.
Useful power is consumed in four parts and to overcoming of resistance: frictional, wind
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(aerodynamic), climb and acceleration. Computer data indicates that at a constant speed on
flat road of 60 km/h, about 60 % of output used for overcoming the friction force, and about
40 % to overcoming aerodynamic drag.

In order to analyze the total energy efficiency level of the energy source to the wheels of the
vehicle, it is necessary to bear in mind the following:

• The efficiency of exploitation from the mine of natural fuels (fossil fuel or nuclear energy),

• Electricity production and

• The network transport.

Efficiency of electricity production can vary widely. According to European measurements,
ranges from 39 % for plants with coal production to 44 % for power plants with natural gas, or
the average value of 42 %. Combined cycle power plant with natural gas can reach the level of
efficiency over 58 %. If we multiplied the average value of 42 % by the transfer efficiency of 92
%, the sources of efficiency of the reservoir of 38 % is obtained. Battery charger recharges the
battery, and transmission losses in the electric motor give the utility of the reservoir of energy
to the wheels of 65-80 %. Thus the total utility from the source to the wheels is from 25 to 30 %.

Exploitation of natural fuel and transport network are dependent of the type of energy but
have an average efficiency of about 92 %. Together with the losses in transport and process‐
ing of getting the total level of efficiency from source to reservoir of about 83 %. But the in‐
ternal combustion engine is only 15-20 % of energy into useful work. Thus the total utility of
the source to the wheels is 12 to 17 %.

Energy efficiency is extremely important information on the consumption of electricity from
power grid to travel kilometer of the road. It is obtained as the ratio of distance traveled per
unit of electricity consumed. Measurements have been made in Serbia, in [51, 53]. driving a
constant speed along a straight road in the hilly city driving. The results showed that the
energy efficiency of a flat open road is about 5,1 km/kWh, while in the hilly city driving
about 4,5 miles/kWh. The specific energy consumed, defined as the ratio of electrical energy
from the power grid per unit distance traveled, or as the reciprocal of the energy economy,
is on a flat open road below 0,2 km/kWh in the hilly city driving around 0,22 km/kWh.

ICE EV

From source to reservoir 83 % 38 %

From the reservoir of energy to the wheels 15–20 % 65-80 %

Total: From the source to the wheels 12–17 % 25-30 %

Table 5. The current level of utility vehicles with ICE and the EV, in [52].
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components not more than 7 % is lost of electricity drawn from the power grid. Transmis‐
sion along with the transmission gear has high efficiency of about 96 %, so that the compo‐
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(aerodynamic), climb and acceleration. Computer data indicates that at a constant speed on
flat road of 60 km/h, about 60 % of output used for overcoming the friction force, and about
40 % to overcoming aerodynamic drag.

In order to analyze the total energy efficiency level of the energy source to the wheels of the
vehicle, it is necessary to bear in mind the following:

• The efficiency of exploitation from the mine of natural fuels (fossil fuel or nuclear energy),

• Electricity production and

• The network transport.

Efficiency of electricity production can vary widely. According to European measurements,
ranges from 39 % for plants with coal production to 44 % for power plants with natural gas, or
the average value of 42 %. Combined cycle power plant with natural gas can reach the level of
efficiency over 58 %. If we multiplied the average value of 42 % by the transfer efficiency of 92
%, the sources of efficiency of the reservoir of 38 % is obtained. Battery charger recharges the
battery, and transmission losses in the electric motor give the utility of the reservoir of energy
to the wheels of 65-80 %. Thus the total utility from the source to the wheels is from 25 to 30 %.

Exploitation of natural fuel and transport network are dependent of the type of energy but
have an average efficiency of about 92 %. Together with the losses in transport and process‐
ing of getting the total level of efficiency from source to reservoir of about 83 %. But the in‐
ternal combustion engine is only 15-20 % of energy into useful work. Thus the total utility of
the source to the wheels is 12 to 17 %.

Energy efficiency is extremely important information on the consumption of electricity from
power grid to travel kilometer of the road. It is obtained as the ratio of distance traveled per
unit of electricity consumed. Measurements have been made in Serbia, in [51, 53]. driving a
constant speed along a straight road in the hilly city driving. The results showed that the
energy efficiency of a flat open road is about 5,1 km/kWh, while in the hilly city driving
about 4,5 miles/kWh. The specific energy consumed, defined as the ratio of electrical energy
from the power grid per unit distance traveled, or as the reciprocal of the energy economy,
is on a flat open road below 0,2 km/kWh in the hilly city driving around 0,22 km/kWh.

ICE EV

From source to reservoir 83 % 38 %

From the reservoir of energy to the wheels 15–20 % 65-80 %

Total: From the source to the wheels 12–17 % 25-30 %

Table 5. The current level of utility vehicles with ICE and the EV, in [52].
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6. Problems and Prospects "energy reservoir"

Development and implementation of future EV largely depend on the technical characteris‐
tics of the components of the drive. It is difficult to change established habits of drivers in
the world, with the expectation from a motor vehicle to transport them quickly from one lo‐
cation to another. The main disadvantage of EV is in the battery pack and that they still can
not accumulate more than 200 Wh/kg energy. If compared to liquid fuels about 12.000
Wh/kg, this very fact means that the tank cars with conventional internal combustion en‐
gine, which weighs about 40 kg can store approximately 480 kWh of energy in modern Li
ion battery heavy around 300 kg only about 60 kWh electricity.

Promising system Li-air batteries with 1.700 Wh/kg will be able to fully provide the compa‐
rative characteristics of the EV and to thereby make the transition to a completely pure EV.

It is interesting to note that the investigation of an aluminum-air battery has started several
decades ago because of the high energy potential, because of the opportunities for quick re‐
placement of worn out mechanical anode and the economy, in [54]. It was worked on the
development of aluminum-air battery with the anode of aluminum which is alloyed with
small amounts of alloying components and a neutral aqueous solution of sodium chloride
NaCl as the electrolyte in [55]. The prototype battery achieved 34/39 W/kg specific power
and specific energy of 170-190 Wh/kg, the optimal current density between 50 and 100
mA/cm2, which at the present level of development of chemical power sources is a battery of
exceptional quality. The lack of battery life is relatively high cost of components which are
used for alloying aluminum anode.

The energy density of gasoline is 13.000 Wh/kg, which is shown as "a theoretical energy den‐
sity" (Figure 19). The average utilization rate of passenger cars with IC engine, from the fuel
tank to the wheels, is about 13 % in US, so that "useful energy density" of gasoline for vehi‐
cles use is around 1.700 Wh/kg. It is shown as "practical" energy density of gasoline. The ef‐
ficiencie of autonomous electric propulsion system (battery-wheels) is about 85 %.
Significantly improvement of current Li-ion energy density of batteries is about 10 times,
which today is between 100 and 200 Wh/kg (at the cellular level), could make that electric
propulsion system be equated with a gasoline powered, at least, to specific useful energy.
However, there is no expectation that the existing batteries, as Li-ion, have ever come close
to the target of 1,700 Wh/kg.

Oxidation of 1 kg of lithium metal, releases about 11.680 Wh/kg, which is slightly lower than
gasoline. This is shown as a theoretical energy density of lithium-air batteries. However, it is
expected that the real energy density of Li-ion batteries will be much smaller.

The existing metal-air batteries, such as Zn-air, usually have a practical energy density of about
40-50 % of its theoretical energy density. However, it is safe to assume, that even fully devel‐
oped Li-air cells will not achieve such a great relationship, because lithium is very lightweight,
and therefore, the mass of the battery casing and electrolytes will have a much bigger impact.
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Figure 19. Energy density of different types of batteries and gasoline in [56].

Fortunately, the energy density of 1700 Wh/kg for a fully charged battery pack fits only 14.5 %
of the theoretical energy content of lithium metal. It is realistic to expect, achieve mint of such
energy density, at the cellular level, considering the intense and long team’s development in
[54]. Energy density of complete batteries is only a half of density, realizedat the cellular level.

It is interesting to mention, that the significant results in development this type of battery
are achieved in the laboratories of the Institute of Electrochemistry ICTM and the Institute of
Technical Sciences SASA, where they were working on development of aluminum-air bat‐
tery with the aluminium anode alloyed with small amounts of alloying components and the
neutral aqueous solution NaCl, as the electrolyte in [57]. The prototype of such batteries,
had achieved a power density of 34/39 W/kg, and energy density of 170-190 Wh/kg, by opti‐
mal current density between 50 and 100 mA/cm2.

Volumetric energy (in Wh/l) in the storage batteries is an important feature of the design consid‐
erations also. This requirement is the best expressed by condition that there is a maximum ca‐
pacity of 300 dm3 (family car) for battery pack and auxiliary systems. A driving range of 500
miles (800 km) requires that the reservoir of energy, store energy of 125 kWh (with power con‐
sumption of 250 Wh/km), so that the volume of 300 dm3 is limiting specific gravity of the bat‐
tery pack, including space for air circulation, must not be less than 0,5 kg/dm3.

Power density: While Li-air systems imply an extremely high energy density, their power densi‐
ty (measured in W/kg of batteries weight) is relatively low. The prototype of Li-air cells ach‐
ieves current density, in average 1mA/cm2, which is insufficient and is expecting significantly
increase of the current density for at least 10 times. One way to achieve the required power
density is the creation of a hybrid electric drive system, where a small, high power battery, for
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propulsion system be equated with a gasoline powered, at least, to specific useful energy.
However, there is no expectation that the existing batteries, as Li-ion, have ever come close
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gasoline. This is shown as a theoretical energy density of lithium-air batteries. However, it is
expected that the real energy density of Li-ion batteries will be much smaller.

The existing metal-air batteries, such as Zn-air, usually have a practical energy density of about
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Fortunately, the energy density of 1700 Wh/kg for a fully charged battery pack fits only 14.5 %
of the theoretical energy content of lithium metal. It is realistic to expect, achieve mint of such
energy density, at the cellular level, considering the intense and long team’s development in
[54]. Energy density of complete batteries is only a half of density, realizedat the cellular level.

It is interesting to mention, that the significant results in development this type of battery
are achieved in the laboratories of the Institute of Electrochemistry ICTM and the Institute of
Technical Sciences SASA, where they were working on development of aluminum-air bat‐
tery with the aluminium anode alloyed with small amounts of alloying components and the
neutral aqueous solution NaCl, as the electrolyte in [57]. The prototype of such batteries,
had achieved a power density of 34/39 W/kg, and energy density of 170-190 Wh/kg, by opti‐
mal current density between 50 and 100 mA/cm2.

Volumetric energy (in Wh/l) in the storage batteries is an important feature of the design consid‐
erations also. This requirement is the best expressed by condition that there is a maximum ca‐
pacity of 300 dm3 (family car) for battery pack and auxiliary systems. A driving range of 500
miles (800 km) requires that the reservoir of energy, store energy of 125 kWh (with power con‐
sumption of 250 Wh/km), so that the volume of 300 dm3 is limiting specific gravity of the bat‐
tery pack, including space for air circulation, must not be less than 0,5 kg/dm3.

Power density: While Li-air systems imply an extremely high energy density, their power densi‐
ty (measured in W/kg of batteries weight) is relatively low. The prototype of Li-air cells ach‐
ieves current density, in average 1mA/cm2, which is insufficient and is expecting significantly
increase of the current density for at least 10 times. One way to achieve the required power
density is the creation of a hybrid electric drive system, where a small, high power battery, for
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example, on the basis of Li-ion technology, would provide the power in short periods of high
demand, such as it is acceleration. Supercapacitors could be used instead of these batteries.

Duration: The current Li-air cells show a possibility of full charge cycles, only about 50, with
less capacity loss. Future research efforts must be directed towards improving the accumu‐
lated capacity in multiple discharges. In addition, the total number of charge cycles and dis‐
charge do not mean to be very large, due to the high energy capacity of Li-ion cells. For
example, a battery, designed for duration of 250.000 km, and projected to cross the EV radi‐
us of movement of 800 km, should be charged only 300 times (Full cycle equivalent) in [58].
It is necessary to keep in mind that a lot of air will go through the battery during operation,
and even a short-term accumulation of moisture, can be harmful to duration.

Safety: EV batteries will be, especially in the beginning of the application, complying with
extremely high safety standards, even more strictly than at gasoline car.

Price:  Design requirements of high-capacity battery for the drive EV are quite strict,  but
they are quite well defined. They will serve as guidelines for the scientific research, con‐
ducted on the Li-air  battery system. Batteries for EV power have been just carrying out
the transition from nickel metal hydride to Li-ion batteries, after years of researching and
developing. Transition to the Li-ion batteries should be viewed in terms of a similar de‐
velopment  cycle.  It  is  known that,  the  price  of  each product,  decreases  with  increasing
mass production. It is expecting that the EV prices will decline, because of falling down
prices of Li-air batteries,  including the price of EV. However, support to introduction of
new vehicles in traffic would be systematically addressed.

Battery

types

Energy density

Wh/kg/

Wh/litar

Specific

power

W/kg

Number

of rechar.

cycles

Energy

efficiency

Self disch.

for 24

hours

Duration

years

Price

US$/kWh

PbO 40/60-75 180 500 82 % 1 % 2,5-4 100-150

NiCd 50/50-150 150 1.350 72,5 % 5 %

NiMH 70/140-300 250-1000 1.350 70,0 % 2 % 5-7 300-500

Li-ion 125/270 1800 1.000 90,0 % 1 % 5-10 "/"/1000

Li-ion

polymer

200/300 "/3000 - - -

NaNiCl

(Zebra)

125/300 - 1.000 92,5 % 0 %

Table 6. Characteristics of different types of batteries.

Accommodation of batteries as a power source, for vehicles with electric drive, is a big prob‐
lem also depending on technological solution of batteries. As it can be seen, in table 6 in [59],
lead-acid batteries have a low energy, per unit mass and volume and a relatively small num‐
ber of charge cycles. In contrast, modern Li-ion batteries and NaNiCl, have significant ener‐
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gy capacity, with a larger number of charges and are of a stable voltage. However, the latter
ones are sensitive to warming and may have an energy loss up to 7,2 %.

Battery duration should be, always, taken into account, when their price is consideration.
The duration depends on several factors, such as how often the vehicle is in use and how
many times the batteries have been filled up. In table 6, there are data on duration expectan‐
cy of certain batteries types and price per unit of energy.

7. Conclusion

It  can  be  concluded  that  the  future  and  the  past  belong  to  the  EV.  Nevertheless,  new
sources of liquid fuels are still to be found, their exploitation is more expensive and there
is less of it in the world. In addition, it is necessary to preserve oil as a resource to other
industry where you can not find an alternative. On the other hand, electricity is usually
sufficient. If in the meantime renewable energy booms, the possibility of its cheap produc‐
tion will  open.  This  means that,  in  addition to the environmental,  economic and condi‐
tions for wider use of electric vehicles will gain.

Almost all the problems related to the production of EV technology are sufficiently well re‐
solved, with high efficiency. The biggest problem is the electrical energy storage. Fuel cells,
electrochemical sources, supercapacitors, or new sources that could be made sufficiently
compact and inexpensive, would allow in the near future, the transition from vehicles that
use liquid fuels to electric vehicles.

It is likely that the transition from internal combustion vehicles to EV won’t be quick. Still these
ones are inferior and can not meet potential customers in all circumstances. Battery develop‐
ment has made great progress but still not enough. In addition, if the battery problem will be
solved, there are still many problems that need to be better addressed. Some of these problems
will resolve themselves, as prices fall with the increased production, but others, supporting the
introduction of new vehicle traffic will be much harder to resolve spontaneously.

So far EV‘s are more expensive than existing and have certain restrictions of applications
you still can not replace the existing vehicles of most vehicle owners in the world. In order
to create habits of the driver for the purchase and use of EV, economically strong countries
are introducing incentive funds for the EV and HV, which gives definite results. First, there
are certain financial incentives for the purchase of the vehicle. In addition, the purchase of
EV are not paying taxes, in the cities parking is free for them, vehicles do not pay a toll and
in the cities they can move in traffic bands reserved for public transport vehicles. The most
important thing is to develop a refilling station for batteries which often offer free recharge
EV.EV should not be that expensive investment, especially in large-scale production. So far,
the most expensive and also less than perfect for use in EV its battery. Therefore, the most
intensive scientific research carried out exactly in this area.

In a situation of permanent oil price increases and increased air pollution, especially in cit‐
ies, two solutions to the problem occurred.
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example, on the basis of Li-ion technology, would provide the power in short periods of high
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less capacity loss. Future research efforts must be directed towards improving the accumu‐
lated capacity in multiple discharges. In addition, the total number of charge cycles and dis‐
charge do not mean to be very large, due to the high energy capacity of Li-ion cells. For
example, a battery, designed for duration of 250.000 km, and projected to cross the EV radi‐
us of movement of 800 km, should be charged only 300 times (Full cycle equivalent) in [58].
It is necessary to keep in mind that a lot of air will go through the battery during operation,
and even a short-term accumulation of moisture, can be harmful to duration.

Safety: EV batteries will be, especially in the beginning of the application, complying with
extremely high safety standards, even more strictly than at gasoline car.

Price:  Design requirements of high-capacity battery for the drive EV are quite strict,  but
they are quite well defined. They will serve as guidelines for the scientific research, con‐
ducted on the Li-air  battery system. Batteries for EV power have been just carrying out
the transition from nickel metal hydride to Li-ion batteries, after years of researching and
developing. Transition to the Li-ion batteries should be viewed in terms of a similar de‐
velopment  cycle.  It  is  known that,  the  price  of  each product,  decreases  with  increasing
mass production. It is expecting that the EV prices will decline, because of falling down
prices of Li-air batteries,  including the price of EV. However, support to introduction of
new vehicles in traffic would be systematically addressed.

Battery

types

Energy density

Wh/kg/

Wh/litar

Specific

power

W/kg

Number

of rechar.

cycles

Energy

efficiency

Self disch.

for 24

hours

Duration

years

Price

US$/kWh

PbO 40/60-75 180 500 82 % 1 % 2,5-4 100-150

NiCd 50/50-150 150 1.350 72,5 % 5 %

NiMH 70/140-300 250-1000 1.350 70,0 % 2 % 5-7 300-500

Li-ion 125/270 1800 1.000 90,0 % 1 % 5-10 "/"/1000

Li-ion

polymer

200/300 "/3000 - - -

NaNiCl

(Zebra)

125/300 - 1.000 92,5 % 0 %

Table 6. Characteristics of different types of batteries.

Accommodation of batteries as a power source, for vehicles with electric drive, is a big prob‐
lem also depending on technological solution of batteries. As it can be seen, in table 6 in [59],
lead-acid batteries have a low energy, per unit mass and volume and a relatively small num‐
ber of charge cycles. In contrast, modern Li-ion batteries and NaNiCl, have significant ener‐
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gy capacity, with a larger number of charges and are of a stable voltage. However, the latter
ones are sensitive to warming and may have an energy loss up to 7,2 %.

Battery duration should be, always, taken into account, when their price is consideration.
The duration depends on several factors, such as how often the vehicle is in use and how
many times the batteries have been filled up. In table 6, there are data on duration expectan‐
cy of certain batteries types and price per unit of energy.

7. Conclusion

It  can  be  concluded  that  the  future  and  the  past  belong  to  the  EV.  Nevertheless,  new
sources of liquid fuels are still to be found, their exploitation is more expensive and there
is less of it in the world. In addition, it is necessary to preserve oil as a resource to other
industry where you can not find an alternative. On the other hand, electricity is usually
sufficient. If in the meantime renewable energy booms, the possibility of its cheap produc‐
tion will  open.  This  means that,  in  addition to the environmental,  economic and condi‐
tions for wider use of electric vehicles will gain.

Almost all the problems related to the production of EV technology are sufficiently well re‐
solved, with high efficiency. The biggest problem is the electrical energy storage. Fuel cells,
electrochemical sources, supercapacitors, or new sources that could be made sufficiently
compact and inexpensive, would allow in the near future, the transition from vehicles that
use liquid fuels to electric vehicles.

It is likely that the transition from internal combustion vehicles to EV won’t be quick. Still these
ones are inferior and can not meet potential customers in all circumstances. Battery develop‐
ment has made great progress but still not enough. In addition, if the battery problem will be
solved, there are still many problems that need to be better addressed. Some of these problems
will resolve themselves, as prices fall with the increased production, but others, supporting the
introduction of new vehicle traffic will be much harder to resolve spontaneously.

So far EV‘s are more expensive than existing and have certain restrictions of applications
you still can not replace the existing vehicles of most vehicle owners in the world. In order
to create habits of the driver for the purchase and use of EV, economically strong countries
are introducing incentive funds for the EV and HV, which gives definite results. First, there
are certain financial incentives for the purchase of the vehicle. In addition, the purchase of
EV are not paying taxes, in the cities parking is free for them, vehicles do not pay a toll and
in the cities they can move in traffic bands reserved for public transport vehicles. The most
important thing is to develop a refilling station for batteries which often offer free recharge
EV.EV should not be that expensive investment, especially in large-scale production. So far,
the most expensive and also less than perfect for use in EV its battery. Therefore, the most
intensive scientific research carried out exactly in this area.

In a situation of permanent oil price increases and increased air pollution, especially in cit‐
ies, two solutions to the problem occurred.
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In accordance with the statements of U.S. President, U.S. moved in the direction of energy
efficiency and savings in transportation of petroleum products. This means that it is headed
in the direction of HV use with the aim to reduce consumption of the average U.S. vehicle to
6,62 l/100km. Although the U.S. made the extremely popular EV Tesla Roadstar, more U.S.
government supports all major car manufacturers to start producing HV.

At the same time as the major importers of oil turned to the study and making Plug in EV or
pure EV. First who did it is Germany ahead of the EU, but also China and other countries.

8. Nomenclature

AC-Alternating current

BP-British Petroleum

DC-Direct current

EIA-Energy Information Administration (EIA)

EU-European Union

EV-Electric Vehicle

HV-Hybrid vehicle

Li-air-Lithium- air

Li-ion-Lithium- ion

OIC-AInternational Organization of Motor Vehicle

OPEC-Organization of Petroleum Exporting States

PHV-Plug-in Hybrid

IC-Internal combustion engine

UN-United Nations

ZEV-Zero Emissions Vehicle
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Chapter 3

Electric Vehicles − Consumers and Suppliers of the
Electric Utility Systems

Cristina Camus and Tiago Farias

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51911

1. Introduction

Electric vehicles (EVs) have been gaining attention in the last few years due to growing pub‐
lic concerns about urban air pollution and other environmental and resource problems. The
technological evolution of the EVs of different types: Hybrid electric vehicles (HEV), battery
electric vehicles (BEV) and plug-in hybrid electric vehicles (PHEV), will probably lead to a
progressive penetration of EV´s in the transportation sector taking the place of vehicles with
internal combustion engines (ICEV). The interesting feature of EVs (only available for BEVs
and PHEVs) is the possibility of plugging into a standard electric power outlet so that they
can charge batteries with electric energy from the grid.

While a large penetration of plug-in EVs is expected to increase electricity sales, extra gener‐
ation capacity is not needed if the EVs are recharged at times of low demand, such as over‐
night hours. EVs, as a local zero emissions’ vehicle, could only provide a good opportunity
to reduce CO2 emissions from transport activities if the emissions that might be saved from
reducing the consumption of oil wouldn´t be off-set by the additional CO2 generated by the
power sector in providing for the load the EVs represent. Therefore, EVs can only become a
viable effective carbon mitigating option if the electricity they use to charge their batteries is
generated through low carbon technologies.

In a scenario where a commitment was made to reduce emissions from power generation,
the build-up of large amounts of renewable power capacity raises important issues related
to the power system operation (Skea, J, et al., 2008), (Halamay et al., 2011), as a result, power
system operators need to take measures to balance an increasingly volatile power genera‐
tion with the demand, and to keep the system reliability. To perform these actions, the SO
(system operator) needs to access active and reactive power reserves which are either con‐
tractually established with the power generators or traded in the ancillary system market
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Chapter 3

Electric Vehicles − Consumers and Suppliers of the
Electric Utility Systems

Cristina Camus and Tiago Farias

Additional information is available at the end of the chapter
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1. Introduction

Electric vehicles (EVs) have been gaining attention in the last few years due to growing pub‐
lic concerns about urban air pollution and other environmental and resource problems. The
technological evolution of the EVs of different types: Hybrid electric vehicles (HEV), battery
electric vehicles (BEV) and plug-in hybrid electric vehicles (PHEV), will probably lead to a
progressive penetration of EV´s in the transportation sector taking the place of vehicles with
internal combustion engines (ICEV). The interesting feature of EVs (only available for BEVs
and PHEVs) is the possibility of plugging into a standard electric power outlet so that they
can charge batteries with electric energy from the grid.

While a large penetration of plug-in EVs is expected to increase electricity sales, extra gener‐
ation capacity is not needed if the EVs are recharged at times of low demand, such as over‐
night hours. EVs, as a local zero emissions’ vehicle, could only provide a good opportunity
to reduce CO2 emissions from transport activities if the emissions that might be saved from
reducing the consumption of oil wouldn´t be off-set by the additional CO2 generated by the
power sector in providing for the load the EVs represent. Therefore, EVs can only become a
viable effective carbon mitigating option if the electricity they use to charge their batteries is
generated through low carbon technologies.

In a scenario where a commitment was made to reduce emissions from power generation,
the build-up of large amounts of renewable power capacity raises important issues related
to the power system operation (Skea, J, et al., 2008), (Halamay et al., 2011), as a result, power
system operators need to take measures to balance an increasingly volatile power genera‐
tion with the demand, and to keep the system reliability. To perform these actions, the SO
(system operator) needs to access active and reactive power reserves which are either con‐
tractually established with the power generators or traded in the ancillary system market
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(Estanqueiro, A. et al., 2010). These requirements represent an extra cost for the system
which might adequately quantify the negative effect of the variability and uncertainty of
each renewable generation technology.

Practically speaking, there are additional external costs of integrating renewable inflexible
generation in the power systems, namely in terms of backup capacity, needed to balance
power generation and demand when the renewable generation is lower than forecasted, and
some kind of storage or demand shift, needed to integrate excesses of renewable generation,
especially likely to occur in the off-peak periods.

In this context, electric vehicles can bring techno-economical advantages for the electric
power system because of their great load flexibility and increase the system storage capaci‐
ty. In fact, EVs are parked 93% of their lifetime, making it easy for them to charge either at
home, at work, or at parking facilities, hence implying that the time of day in which they
charge, can easily vary and, furthermore, for future energy systems, with a high electrifica‐
tion of transportation, Vehicle to Grid (V2G), where the EV works also as an energy suppli‐
er, can offer a potential storage capacity and use stored energy in batteries to support the
grid in periods of shortage (Kempton and Tomic, 2005). Although each vehicle is small in its
impact on the power system, a large number of vehicles can be significant either as an addi‐
tional charge or a source of distributed generating capacity.

While the aggregate demand for electricity is increasing, decentralized power generation is
gaining significance in liberalized electricity markets, and small size electricity consumers
are becoming also potential producers. Prosumer is a portmanteau derived by combining
the word producer, or provider, with the word consumer. It refers to the evolution of the
small size passive consumer towards a more active role in electricity generation and the pro‐
vision of grid services.

This chapter is concerned with studying how the electric vehicle can work as a “prosumer”
(producer and consumer) of electricity. The benefits to the electric utilities and the costs of
services provided by EVs in each type of power market will be addressed. The potential im‐
pacts of the EVs on the electricity systems, with a great amount of renewable sources in the
generation mix will be studied with a focus on the additional power demand and power
supply an EV can represent, the role of a new agent on the power market – The EV aggrega‐
tor – and the economic impacts of EVs on electric utilities.

The analysis of the impact on the electric utilities of large-scale adoption of plug-in electric
vehicles as prosumers will be illustrated with a real case study.

Many studies regarding battery electric vehicles and Plug in hybrids have been, and contin‐
ue to be performed in different countries. In the US, for instance, the capacity of the electric
power infrastructure in different regions was studied for the supply of the additional load
due to PHEV penetration (Kintner-Meyer et al., 2007) and the economic assessment of the
impacts of PHEV adoption on vehicles owners and on electric utilities (Scott et al., 2007).
Other studies (Hadley, 2006) considered the scenario of one million PHEVs added to a US
sub-region and analyzed the potential changes in demand, impacts on generation adequacy,
transmission and distribution and later the same analysis was extended to 13 US regions

New Generation of Electric Vehicles68

with the inclusion of GHG estimation for each of the seven scenarios performed for each re‐
gion (Hadley, 2008). The ability to schedule both charging and very limited discharging of
PHEVs could significantly increase power system utilization. The evaluation of the effects of
optimal PHEV charging, under the assumption that utilities will indirectly or directly con‐
trol when charging takes place, providing consumers with the absolute lowest cost of driv‐
ing energy by using low-cost off-peak electricity, was also studied (Denholm and Short,
2006). This study was based on existing electricity demand and driving patterns, six geo‐
graphic regions in the United States were evaluated and found that when PHEVs derive
40% of their miles from electricity, no new electric generation capacity was required under
optimal dispatch rules for a 50% PHEV penetration. A similar study was made also by
NREL (National Renewable Energy Laboratory) but here the analysis focused only one spe‐
cific region and four scenarios for charging were evaluated in terms of grid impact and also
in terms of GHG emissions (Parks et al., 2007). The results showed that off-peak charging
would be more efficient in terms of grid stress and energy costs and a significant reduction
on CO2 emissions was expected thought an increase in SO2 emissions was also expected due
to the off peak charging being composed of a large amount of coal generation. Studies made
for Portugal (Camus et al., 2011) of the impacts in load profiles, spot electricity prices and
emissions of a mass penetration of EV showed that reductions in primary energy consump‐
tion, fossil fuels use and CO2 emissions of up to 3%, 14% and 10% could be achieved by year
2020 in a 2 million EVs’ scenario, energy prices could range 0.9€ to 3.2€ per 100 km accord‐
ing to the time of charging (peak and off-peak) and the electricity production mix. A recent
report (Grunig M. et al., 2011) that analyzed the EV market for the next years concluded
that, the market penetration of EVs will remain fairly low compared to conventional vehi‐
cles. The estimation based on several government announcements, industry capacities and
proliferation projects sees more than five million new Electric Vehicles on the road globally
until 2015 (excluding two- and three-wheelers), the majority of these in the European Union.
The main markets for Electric Vehicle are in order of importance the EU, the US and Asia
(China and Japan). Some further target markets like Israel and the Indian subcontinent are
also expected to evolve. In the long term, the share of EVs will most likely increase as addi‐
tional countries adopt technologies and initiate projects.

The first description of the key concepts of V2G appeared in 1996, in an article (Kempton
and Letendre, 1996) written by researchers at the University of Delaware. In this report the
approach was to describe the advantages of peak power to be supplied by EDVs connected
to the grid. Further work from the same researchers was continued (Kempton and Letendre,
2002) and the possible power services provided for the grid by vehicles were increased by
the analysis of spinning reserve and regulation. The formulation of the business models for
V2G and the advantages for a grid that supports a lot of intermittent renewable were descri‐
bed specially for the case of wind power shortage (Kempton and Tomic, 2005a; Kempton
and Tomic, 2005b). The use of a fleet for providing regulation down and up was studied and
how the V2G power could provide a significant revenue stream that would improve the eco‐
nomics of grid-connected electric-drive vehicles and further encourage their adoption were
evaluated (Tomic and Kempton, 2007). The potential impact of renewable generation on the
ancillary service market, with a focus on the ability of EVs to provide such services via de‐
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mand response (DR) and V2G were analyzed. The document also presents a revenue model
that incorporates potential scenarios regarding EV adoption, electricity prices, and driver
behavior. The output of the model determines the overall revenue opportunity for aggrega‐
tors who plan to provide DR-EV (Leo M. et al., 2011), although, there is a significantly large
market for these services, the limited revenue opportunity for aggregators on a per car basis
is unlikely to be compelling enough to justify a business model. According to a recent report
from Pike Research (Gibson B., Gartner J., 2011), EVs compete with traditional generation
sources as well as emerging technologies, such as stationary battery storage, for revenue
from ancillary services such as frequency regulation and demand response.

2. Electricity generation

Electricity generation faces nowadays a greater number of challenges related to reliability,
sustainability and security of supply. The use of renewable resources in power generation
has been adopted in most OECD countries as an answer to the climate change problems ori‐
ginated by the burning of fossil fuels in the traditional thermal plants to supply the ongoing
increase in electricity demand.

In this section, a description of the electric power systems demand is done emphasizing its
evolution along a day and seasonal profile, the different technologies available for power
generation are also presented, their main features and when and how each of them produ‐
ces and the emissions associated with electricity production from thermal units are also ad‐
dressed in this section. A description of the renewable sources, identifying the factors that
influence the value of each renewable technology for the power system is done. These fac‐
tors include the variability, uncertainty, complementarities with other sources and with the
demand and implications for reserve requirements. The impacts of EVs recharge in the typi‐
cal load profiles will be assessed and also the effects of EVs working as electricity suppliers.

2.1. Electricity demand and supply

Electric power systems are designed to respond to instantaneous consumer demand. One of
the main features of power consumption is the difference in demand along the day hours,
the week days and seasons. This evolution along the day, with a valley during the night that
represents about 60% of the peak consumption, has great financial consequences with the
need of having several power plants that are useless and an underutilized network during
the night.

To supply this load, there are a different set of technologies, from renewable sources (hydro,
solar, wind, biomass and waves) to conventional thermal units (natural gas, coal, fuel oil
and nuclear).

These different technologies, with different load factors (ratio of average load to capacity),
supply the system in different periods and power levels. There are mainly two types of
power plants in the electric system: base load or peak power plants. Base load plants are
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used to meet some of a given region's continuous energy demand, and produce energy at a
constant rate, usually at a low cost relative to other production facilities available to the sys‐
tem. Peak power plants are used few hours a year only to fulfill the peaks at higher unit en‐
ergy prices.

The intermittent renewable sources like the hydro run-of-river and wind are not included in
this definition as they are not controllable, but have to be included in the power supply with
the highest priority according to the energy and climate policies established (EC, 2009) so
they can be considered as base load power plants.

Sometimes the renewable production has an average production profile that works in oppo‐
sition with demand. Fig. 1 shows as an example, the average production profile of wind
power in Portugal verified in year 2010.

Load factor  

Figure 1. Average wind power profile for year 2010 in Portugal (REN, 2011)

In fact, it has been observed along the years that the wind power production has in average
this same profile, with more power production during the night hours.

This situation is even sharper in summer months. In Fig. 2 are the average power produced
by wind, solar and small hydro in July 2011 in Portugal.

Figure 2. Average power production profile of the renewable sources in July 2011 in Portugal
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In summer months, the renewable production is lower when the demand is higher.

For this same case study, Fig. 3 shows the July average power profile with the production
technologies. The lowest renewable production level coincides with the peak consumption.

This situation gives the opportunity for electric vehicles contribution for levelling the power con‐
sumption diagram and allowing the penetration of more renewable production, by increasing
the load during the night hours and supplying the system at the peak hours (Fig. 4).

Figure 3. Average load profile with production technologies in July 2011 for Portugal.

Figure 4. Example of the effect EVs can produce in the electricity demand profile as consumers and suppliers of elec‐
tricity through G4V (Grid for Vehicle) and V2G respectively.
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2.2. The main technologies for electricity generation and the merit order

As described in the previous sub-section, there are many technologies available for electrici‐
ty production.

The aim of a power plant in a power system is to supply the load in an economical, reliable
and environmentally acceptable way. Different power plants can fulfill these requirements
in different ways. Different power plants have different characteristics concerning how they
can be controlled in the power system. When operating a power system, the total amount of
electricity that is provided has to correspond, at each instant, to a varying load from the
electricity consumers. To achieve this in a cost-effective way, the power plants are usually
scheduled according to marginal operation costs, also known as merit order. Units with low
marginal operation costs will operate almost all the time (base load demand), and the power
plants with higher marginal operation costs will be scheduled for additional operation dur‐
ing times with higher demand. Wind power plants as well as other variable sources, such as
solar and tidal sources, have very low operating costs. They are usually assumed to be zero
therefore these power plants are at the top of the merit order. That means that their power is
used whenever it is available.

In parallel with marginal operation costs of the power plants are the environmental costs,
nowadays assessed by the GHG emissions, they represent. In Table 1, are the average emis‐
sion rates considered for the typical thermal power plants to compute the GHG emissions
from power generation. Those average values can increase if the power plants are subjected
to many start-up cycles.

Technology
Emission rate (kg/MWh)

CO2 NOx SO2

Coal 900 2.8 6.3

Fuel 830 3.9 4.5

Nat gas (Comb. Cycle) 360 0.13 0

Cogeneration (N.Gas) 600 0.5

Table 1. Emission rates considered for the thermal power plants for GHG emission computation (EDP, 2008).

Summarizing, we can dispose of flexible plants, where the power output can be adjusted
(within limits), and inflexible plants, where power output cannot be adjusted for technical or
commercial reasons. Examples of flexible and inflexible power plants are in Table 2.

As mentioned, the output of the inflexible power plants is treated as given when optimizing
the operation of the system.

Not all the flexible power plants can be used the same way to adjust to power demand. The
hydro plants with reservoir are the more flexible. Thermal units must be “warmed up” be‐
fore they can be brought on-line, warming up a unit costs money and start-up cost depends

Electric Vehicles − Consumers and Suppliers of the Electric Utility Systems
http://dx.doi.org/10.5772/51911

73



In summer months, the renewable production is lower when the demand is higher.

For this same case study, Fig. 3 shows the July average power profile with the production
technologies. The lowest renewable production level coincides with the peak consumption.

This situation gives the opportunity for electric vehicles contribution for levelling the power con‐
sumption diagram and allowing the penetration of more renewable production, by increasing
the load during the night hours and supplying the system at the peak hours (Fig. 4).

Figure 3. Average load profile with production technologies in July 2011 for Portugal.

Figure 4. Example of the effect EVs can produce in the electricity demand profile as consumers and suppliers of elec‐
tricity through G4V (Grid for Vehicle) and V2G respectively.

New Generation of Electric Vehicles72

2.2. The main technologies for electricity generation and the merit order

As described in the previous sub-section, there are many technologies available for electrici‐
ty production.

The aim of a power plant in a power system is to supply the load in an economical, reliable
and environmentally acceptable way. Different power plants can fulfill these requirements
in different ways. Different power plants have different characteristics concerning how they
can be controlled in the power system. When operating a power system, the total amount of
electricity that is provided has to correspond, at each instant, to a varying load from the
electricity consumers. To achieve this in a cost-effective way, the power plants are usually
scheduled according to marginal operation costs, also known as merit order. Units with low
marginal operation costs will operate almost all the time (base load demand), and the power
plants with higher marginal operation costs will be scheduled for additional operation dur‐
ing times with higher demand. Wind power plants as well as other variable sources, such as
solar and tidal sources, have very low operating costs. They are usually assumed to be zero
therefore these power plants are at the top of the merit order. That means that their power is
used whenever it is available.

In parallel with marginal operation costs of the power plants are the environmental costs,
nowadays assessed by the GHG emissions, they represent. In Table 1, are the average emis‐
sion rates considered for the typical thermal power plants to compute the GHG emissions
from power generation. Those average values can increase if the power plants are subjected
to many start-up cycles.

Technology
Emission rate (kg/MWh)

CO2 NOx SO2

Coal 900 2.8 6.3

Fuel 830 3.9 4.5

Nat gas (Comb. Cycle) 360 0.13 0

Cogeneration (N.Gas) 600 0.5

Table 1. Emission rates considered for the thermal power plants for GHG emission computation (EDP, 2008).

Summarizing, we can dispose of flexible plants, where the power output can be adjusted
(within limits), and inflexible plants, where power output cannot be adjusted for technical or
commercial reasons. Examples of flexible and inflexible power plants are in Table 2.

As mentioned, the output of the inflexible power plants is treated as given when optimizing
the operation of the system.

Not all the flexible power plants can be used the same way to adjust to power demand. The
hydro plants with reservoir are the more flexible. Thermal units must be “warmed up” be‐
fore they can be brought on-line, warming up a unit costs money and start-up cost depends
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on time unit has been off. There is the need to “balance” start-up costs and running costs.
For example a Diesel generator has a low start-up cost but a high running cost, while a Coal
plant has a high start-up cost and a low running cost.

Flexible Plants Inflexible Plants

Coal-fired

Oil-fired

Open cycle gas turbines

Combined cycle gas turbines

Hydro plants with storage

Nuclear

Run-of-the-river hydro

Renewable sources (wind, solar,…)

Combined heat and power (CHP, cogeneration)

Table 2. Available power plants for electricity generation.

2.3. The renewable sources

The percentage of renewable production depends on the location (the endogenous resources
available) and the energy policy of the local economy.

Many sources of renewable energy, including solar, wind, and ocean wave, offer significant
advantages such as no fuel costs and no emissions from generation. However, in most cases
these renewable power sources are variable and non-dispatchable. The utility grid is already
able to accommodate the variability of the load and some additional variability introduced
by sources such as wind. However, at high penetration levels, the variability of renewable
power sources can severely impact the utility reserve requirements.

For instance, at low penetration levels, the variable output of wind power plants is easily
absorbed within the variability of the load. However, as the penetration level increases, the
added variability of the wind resource can cause greater ramp-rates, greater inter-hour vari‐
ability, and greater scheduling error. This ultimately increases the amount of generation the
system operators must hold in reserve (i.e., the reserve requirement) to accommodate the
unplanned excursions in wind generation.

2.3.1. Wind, solar, and wave generation characteristics

Wind power is now a very mature and established renewable resource throughout the
world. However, other renewable power sources such as solar (PV or concentrating/ther‐
mal) and ocean wave energy also have significant potential. Each of these renewable power
sources can be described by three major characteristics.

1st –Variable. The output power of a large-scale wind, solar, or wave power plant varies over
time. The vast majority of the time, the variability from one minute to the next is very small,
and even the hourly variation is usually small. However, on occasion the output of a large
plant, as high as several hundred MW, may go from full output to low production or vice
versa over several hours (Fig. 5);
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Figure 5. Example of the consumption and production on the 13th July 2011 in Portugal where, in less than 5 hours, a
loss of more than 1000MW in renewable production occurred.

2nd –Non-dispatchable. As implemented now, the system operator has very limited control
of the output of large scale renewable generation. In general, the operator must deal with
whatever the renewable generation outputs are in much the same manner as dealing with
the load. Therefore it is common in the analysis of the impact of renewable power genera‐
tion to subtract its contribution from the load: renewable power generation appears as a
negative load;

3rd – Energy source. Due to the non-dispatchable nature of wind, solar, or wave, they gener‐
ally have a relatively low capacity credit. That is, they do not make a significant contribution
to the power requirements of the grid for planning purposes. However, each Joule of energy
converted by a renewable source is one Joule saved for “traditional” generation, such as
coal. Therefore, renewable energy sources can make a significant impact on the energy re‐
quirements of the grid.

2.3.2. Adequacy of renewable production with power demand

The variable, non-dispatchable nature of wind, wave, and solar has a significant impact on
the utility reserve requirements. Analyzing the effect of these renewable energy sources on
the reserve requirements provides a meaningful and concrete method of characterizing the
variability of a given renewable energy source, including its short and long-term correlation
with the load.

In order to balance generation with load on a minute-by-minute, hourly, or daily basis, the
variability of both the generation and the load must be examined.

With renewable resources like wind, solar, and ocean wave, forecasting of the available gen‐
eration can present a particular challenge, which, while having a large impact on the hourly
or daily reserve requirements, often has less of an impact on the intra-hour requirements.
Given the focus on reserve requirements, it readily becomes apparent that a clear under‐
standing of the different types/timescales of reserves is necessary.
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on time unit has been off. There is the need to “balance” start-up costs and running costs.
For example a Diesel generator has a low start-up cost but a high running cost, while a Coal
plant has a high start-up cost and a low running cost.
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Open cycle gas turbines
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Hydro plants with storage
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Run-of-the-river hydro

Renewable sources (wind, solar,…)

Combined heat and power (CHP, cogeneration)

Table 2. Available power plants for electricity generation.

2.3. The renewable sources

The percentage of renewable production depends on the location (the endogenous resources
available) and the energy policy of the local economy.

Many sources of renewable energy, including solar, wind, and ocean wave, offer significant
advantages such as no fuel costs and no emissions from generation. However, in most cases
these renewable power sources are variable and non-dispatchable. The utility grid is already
able to accommodate the variability of the load and some additional variability introduced
by sources such as wind. However, at high penetration levels, the variability of renewable
power sources can severely impact the utility reserve requirements.

For instance, at low penetration levels, the variable output of wind power plants is easily
absorbed within the variability of the load. However, as the penetration level increases, the
added variability of the wind resource can cause greater ramp-rates, greater inter-hour vari‐
ability, and greater scheduling error. This ultimately increases the amount of generation the
system operators must hold in reserve (i.e., the reserve requirement) to accommodate the
unplanned excursions in wind generation.

2.3.1. Wind, solar, and wave generation characteristics

Wind power is now a very mature and established renewable resource throughout the
world. However, other renewable power sources such as solar (PV or concentrating/ther‐
mal) and ocean wave energy also have significant potential. Each of these renewable power
sources can be described by three major characteristics.

1st –Variable. The output power of a large-scale wind, solar, or wave power plant varies over
time. The vast majority of the time, the variability from one minute to the next is very small,
and even the hourly variation is usually small. However, on occasion the output of a large
plant, as high as several hundred MW, may go from full output to low production or vice
versa over several hours (Fig. 5);
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Figure 5. Example of the consumption and production on the 13th July 2011 in Portugal where, in less than 5 hours, a
loss of more than 1000MW in renewable production occurred.

2nd –Non-dispatchable. As implemented now, the system operator has very limited control
of the output of large scale renewable generation. In general, the operator must deal with
whatever the renewable generation outputs are in much the same manner as dealing with
the load. Therefore it is common in the analysis of the impact of renewable power genera‐
tion to subtract its contribution from the load: renewable power generation appears as a
negative load;

3rd – Energy source. Due to the non-dispatchable nature of wind, solar, or wave, they gener‐
ally have a relatively low capacity credit. That is, they do not make a significant contribution
to the power requirements of the grid for planning purposes. However, each Joule of energy
converted by a renewable source is one Joule saved for “traditional” generation, such as
coal. Therefore, renewable energy sources can make a significant impact on the energy re‐
quirements of the grid.

2.3.2. Adequacy of renewable production with power demand

The variable, non-dispatchable nature of wind, wave, and solar has a significant impact on
the utility reserve requirements. Analyzing the effect of these renewable energy sources on
the reserve requirements provides a meaningful and concrete method of characterizing the
variability of a given renewable energy source, including its short and long-term correlation
with the load.

In order to balance generation with load on a minute-by-minute, hourly, or daily basis, the
variability of both the generation and the load must be examined.

With renewable resources like wind, solar, and ocean wave, forecasting of the available gen‐
eration can present a particular challenge, which, while having a large impact on the hourly
or daily reserve requirements, often has less of an impact on the intra-hour requirements.
Given the focus on reserve requirements, it readily becomes apparent that a clear under‐
standing of the different types/timescales of reserves is necessary.
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Three different timescales are currently used to calculate reserve requirements.

The first, regulation, is defined as the difference between the minute-to-minute power gen‐
eration/load and the 10-minute average power generation/load. This timescale accounts for
small changes in power demand or supply that can be readily met through Automatic Gen‐
eration Control (AGC) via spinning reserves.

The second timescale of interest, following, is defined as the difference between the 10-mi‐
nute average power generation/load and the hourly average power generation/load.

This timescale accounts for larger changes in the power demand or supply.

The final timescale, imbalance, is defined as the difference between the hourly average pow‐
er generation/load and the forecasted generation/load for that hour. The imbalance compo‐
nent of the reserve requirements is directly impacted by the accuracy and frequency of the
forecasted generation/load. With the large increase in wind power generation, the imbalance
component of the reserve requirement is forecasted to grow rapidly.

In order to calculate imbalance reserve requirements, the scheduled or forecasted power
must be determined for both the renewable resource and the load.

2.3.3. Energy storage needs

Reliability is an important feature of power systems. A reliable power system implies that
there is always enough generating capacity to satisfy the power demand. In reality this aim
can only be achieved to a certain security level. As the installation of power plants is a long
process, future power portfolios and their ability to cover the demand must be assessed in
advance. The contribution of wind power to the availability of generating capacity becomes
important with increasing wind penetration. The capacity value of wind power is therefore
identified for future, potentially large wind power penetration levels.

Capacity value designates the contribution of a power plant to the generation adequacy of
the power system. It gives the amount of additional load that can be served in the system at
the same reliability level due to the addition of the unit. It is a long established value for
conventional power plants. Over recent years similar values have been calculated for wind
power. A higher correlation between wind and load will lead to higher capacity values. In
the case of low correlation between wind and load, there will be need of more storage ca‐
pacity to respond to renewable and load in-balances.

The additional requirements and costs of balancing the system on the operational time scale
(from several minutes to several hours) are primarily due to the fluctuations in power out‐
put generated from wind. A part of the fluctuations is predictable for 2 h to 40 h ahead. The
variable production pattern of wind power changes the scheduling of the other production
plants and the use of the transmission capacity between regions.

This will cause losses or benefits to the system as a result of the incorporation of wind pow‐
er. Part of the fluctuation, however, is not predicted or is wrongly predicted. This corre‐
sponds to the amount that reserves have to take care of.
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The economic, social and political costs of failing to provide adequate capacity to meet de‐
mand are so high that utilities have traditionally been reluctant to rely on intermittent re‐
sources for capacity. Dimensioning the system for system adequacy usually involves
estimations of the LOLP (loss of load probability) index. The risk at system level is the prob‐
ability (LOLP) times the consequences of the event. For an electricity system, the consequen‐
ces of a blackout are large, thus the risk is considered substantial even if the probability of
the incident is small.

The loss of load expectation (LOLE) is a measure of system adequacy and nominates the ex‐
pectation of a loss of load event. The required reliability of the system is usually in the order
of one larger blackout in 10–50 years.

Since no generating plant is completely reliable, there is always a finite risk of not having
enough capacity available. Variable sources may be available at the critical moment when
demand is high and many other units fail. Fuel source diversity can also reduce risk.

3. Electricity market

In terms of the economic model, the electricity industry has evolved from a vertically inte‐
grated state-owned monopoly company (not subjected to the normal rules of competition)
to a liberalized market where generators and consumers have the opportunity to freely ne‐
gotiate the purchase and sale of electricity. In this section the typical electricity markets are
described and the more adequate markets for EVs are addressed.

3.1. Electricity market structure

Electric power systems include power plants, consumers of electric energy and transmission
and distribution networks connecting the production and consumption sites. This intercon‐
nected system experiences a continuous change in demand and the challenge is to maintain
at all times a balance between production and consumption of electric energy. In addition,
faults and disturbances should be cleared with the minimum effect possible on the delivery
of electric energy.

Power systems comprise a wide variety of generating plant types, which have different capi‐
tal and operating costs. When operating a power system, the total amount of electricity that
is provided has to correspond, at each instant, to a varying load from the electricity consum‐
ers. To achieve this in a cost-effective way, the power plants are usually scheduled accord‐
ing to marginal operation costs, also known as merit order. Units with low marginal
operation costs will operate almost all the time (base load demand), and the power plants
with higher marginal operation costs will be scheduled for additional operation during
times with higher demand. Wind power plants as well as other variable sources, such as so‐
lar and tidal sources, have very low operating costs. They are usually assumed to be zero
therefore these power plants are at the top of the merit order. That means that their power is
used whenever it is available.
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Three different timescales are currently used to calculate reserve requirements.

The first, regulation, is defined as the difference between the minute-to-minute power gen‐
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the power system. It gives the amount of additional load that can be served in the system at
the same reliability level due to the addition of the unit. It is a long established value for
conventional power plants. Over recent years similar values have been calculated for wind
power. A higher correlation between wind and load will lead to higher capacity values. In
the case of low correlation between wind and load, there will be need of more storage ca‐
pacity to respond to renewable and load in-balances.

The additional requirements and costs of balancing the system on the operational time scale
(from several minutes to several hours) are primarily due to the fluctuations in power out‐
put generated from wind. A part of the fluctuations is predictable for 2 h to 40 h ahead. The
variable production pattern of wind power changes the scheduling of the other production
plants and the use of the transmission capacity between regions.

This will cause losses or benefits to the system as a result of the incorporation of wind pow‐
er. Part of the fluctuation, however, is not predicted or is wrongly predicted. This corre‐
sponds to the amount that reserves have to take care of.
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pectation of a loss of load event. The required reliability of the system is usually in the order
of one larger blackout in 10–50 years.

Since no generating plant is completely reliable, there is always a finite risk of not having
enough capacity available. Variable sources may be available at the critical moment when
demand is high and many other units fail. Fuel source diversity can also reduce risk.

3. Electricity market

In terms of the economic model, the electricity industry has evolved from a vertically inte‐
grated state-owned monopoly company (not subjected to the normal rules of competition)
to a liberalized market where generators and consumers have the opportunity to freely ne‐
gotiate the purchase and sale of electricity. In this section the typical electricity markets are
described and the more adequate markets for EVs are addressed.

3.1. Electricity market structure

Electric power systems include power plants, consumers of electric energy and transmission
and distribution networks connecting the production and consumption sites. This intercon‐
nected system experiences a continuous change in demand and the challenge is to maintain
at all times a balance between production and consumption of electric energy. In addition,
faults and disturbances should be cleared with the minimum effect possible on the delivery
of electric energy.

Power systems comprise a wide variety of generating plant types, which have different capi‐
tal and operating costs. When operating a power system, the total amount of electricity that
is provided has to correspond, at each instant, to a varying load from the electricity consum‐
ers. To achieve this in a cost-effective way, the power plants are usually scheduled accord‐
ing to marginal operation costs, also known as merit order. Units with low marginal
operation costs will operate almost all the time (base load demand), and the power plants
with higher marginal operation costs will be scheduled for additional operation during
times with higher demand. Wind power plants as well as other variable sources, such as so‐
lar and tidal sources, have very low operating costs. They are usually assumed to be zero
therefore these power plants are at the top of the merit order. That means that their power is
used whenever it is available.
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The electricity markets operate in a similar way, at least in theory. The price the producers
bid to the market is slightly higher than their marginal cost, because it is cost-effective for
the producers to operate as long as they get a price higher than their marginal costs. Once
the market is cleared, the power plants that operate at the lowest bids come first.

If the electricity system fails the consequences are far-reaching and costly. Therefore, power sys‐
tem reliability has to be kept at a very high level. Security of supply has to be maintained both
short-term and long-term. This means maintaining both flexibility and reserves that are neces‐
sary to keep the system operating under a range of conditions, also in peak load situations.
These conditions include power plant outages as well as predictable or uncertain variations in
demand and in primary generation resources, including intermittent renewable sources.

3.2. Base load power

Base-load power is the “bulk” power generation that is running most of the time. Base-load
power is typically sold via long term contracts for steady production at a relatively low price
and can better be provided by large power plants because they last longer and cost less per kWh.

3.3. Peak power

Peak power is used during times of predictable highest demand. Peak power is typically
generated by power plants that can be switched on for shorter periods, such as gas turbines
and hydro plants with reservoir. Since peak power is typically needed only a few hundred
hours per year, it is economically sensible to draw on generators that are low in capital cost,
even if each kWh generated is more expensive.

3.4. Spinning reserve

Spinning reserves are supplied by generators set-up and ready to respond quickly in case of
failures (whether equipment failure or failure of a power supplier to meet contract require‐
ments). They would typically be called, say, 20 times per year; a typical duration is 10 min
but must be able to last up to 1 h (spinning reserves are the fastest-response and highest-
value component of the more general electric market for “operating reserves”). Operation
reserves include several types of reserves in place to respond to short-term unscheduled de‐
mand fluctuations, or generator/other system failure. Operating reserve represents genera‐
tors that can be started or ramped up quickly. There are several categories of operating
reserves, often referred to as ancillary services.

Quick-start capacity includes combustion turbines and hydroelectricity, while spinning ca‐
pacity represents other partly loaded fossil and/or hydroelectric plants. The introduction of
wind power into a grid can increase these operation-reserve requirements, due to the varia‐
bility in wind generation.

3.5. Balancing

Balancing or regulation is used to keep the frequency and voltage steady, they are called for
only one up to a few minutes at a time, but might be called 400 times per day; Spinning re‐
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serves and balancing are paid in part for just being available, a capacity payment per hour
available; Base-load and peak are paid only per kWh generated.

The variability in wind generation precludes wind from contributing fully to the reserve
margins required by utilities to ensure continuous system reliability.

Planning reserves ensure adequate capacity during all hours of the year. Typical systems re‐
quire a “peak reserve margin” of 10%-18%. This means a utility must have in place 10%-18%
more capacity than their projected peak power demand for the year. This ensures reliability
against generator or transmission failure, underestimates of peak demand, or extreme
weather events.

Due to the resource variability of wind generation, only a small fraction of a wind farm’s
nameplate capacity is usually counted toward the planning reserve margin requirement. In
fact, as wind penetrates further into an electric grid, this “capacity credit” for wind generally
declines, especially if the wind farms are developed near each other, i.e. if their output is
well correlated.

3.6. The aggregator

To access to the electricity market means, among other aspects, to have access to the so
called “market prices”. Under this concept, an EV does not have individually the capacity to
access to the electricity market, as each quantity of energy produced is insignificant when
compared with the regular power players’.

There arises then a new element for the interconnection between the micro-generation and
the electricity market, that it can be called by “commercial agent” or “aggregator”. The com‐
mercial agent or aggregator adds a set of small power producers so that they can became, in
a certain way, a fair concurrent in the market by the fact of dealing with a substantial quan‐
tity of energy. Under the point of view of the aggregator, there is also the possibility of deal‐
ing either with energy generation and/or energy consumption to maximize the economic
value of the EV to the consumer and at the same time revenue to the aggregator, it is almost
certain that the charging and discharging vehicle will be done in order to allow the vehicle
to be charged with the lowest-cost electricity, and also allows the vehicle to provide high-
value ancillary services. EVs could be connected to the power system through the aggrega‐
tor that sells the aggregated demand of many individual vehicles to a utility, regional
system operator, or a regional wholesale electricity market. The idea is that EVs respond in‐
telligently to real-time price signals or some other price schedule to buy or sell electricity at
the appropriate time so that the vehicles would be effectively “dispatched” to provide the
most economical charging and discharging.

4. Electric vehicle as a consumer and supplier of electricity

Given the nature and physical characteristics of EVs, their integration into the grid is per‐
formed at the distribution voltage level. Such an interconnection allows each EV to be plug‐
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generated by power plants that can be switched on for shorter periods, such as gas turbines
and hydro plants with reservoir. Since peak power is typically needed only a few hundred
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even if each kWh generated is more expensive.
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tors that can be started or ramped up quickly. There are several categories of operating
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Quick-start capacity includes combustion turbines and hydroelectricity, while spinning ca‐
pacity represents other partly loaded fossil and/or hydroelectric plants. The introduction of
wind power into a grid can increase these operation-reserve requirements, due to the varia‐
bility in wind generation.

3.5. Balancing

Balancing or regulation is used to keep the frequency and voltage steady, they are called for
only one up to a few minutes at a time, but might be called 400 times per day; Spinning re‐
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serves and balancing are paid in part for just being available, a capacity payment per hour
available; Base-load and peak are paid only per kWh generated.

The variability in wind generation precludes wind from contributing fully to the reserve
margins required by utilities to ensure continuous system reliability.

Planning reserves ensure adequate capacity during all hours of the year. Typical systems re‐
quire a “peak reserve margin” of 10%-18%. This means a utility must have in place 10%-18%
more capacity than their projected peak power demand for the year. This ensures reliability
against generator or transmission failure, underestimates of peak demand, or extreme
weather events.

Due to the resource variability of wind generation, only a small fraction of a wind farm’s
nameplate capacity is usually counted toward the planning reserve margin requirement. In
fact, as wind penetrates further into an electric grid, this “capacity credit” for wind generally
declines, especially if the wind farms are developed near each other, i.e. if their output is
well correlated.

3.6. The aggregator

To access to the electricity market means, among other aspects, to have access to the so
called “market prices”. Under this concept, an EV does not have individually the capacity to
access to the electricity market, as each quantity of energy produced is insignificant when
compared with the regular power players’.

There arises then a new element for the interconnection between the micro-generation and
the electricity market, that it can be called by “commercial agent” or “aggregator”. The com‐
mercial agent or aggregator adds a set of small power producers so that they can became, in
a certain way, a fair concurrent in the market by the fact of dealing with a substantial quan‐
tity of energy. Under the point of view of the aggregator, there is also the possibility of deal‐
ing either with energy generation and/or energy consumption to maximize the economic
value of the EV to the consumer and at the same time revenue to the aggregator, it is almost
certain that the charging and discharging vehicle will be done in order to allow the vehicle
to be charged with the lowest-cost electricity, and also allows the vehicle to provide high-
value ancillary services. EVs could be connected to the power system through the aggrega‐
tor that sells the aggregated demand of many individual vehicles to a utility, regional
system operator, or a regional wholesale electricity market. The idea is that EVs respond in‐
telligently to real-time price signals or some other price schedule to buy or sell electricity at
the appropriate time so that the vehicles would be effectively “dispatched” to provide the
most economical charging and discharging.

4. Electric vehicle as a consumer and supplier of electricity

Given the nature and physical characteristics of EVs, their integration into the grid is per‐
formed at the distribution voltage level. Such an interconnection allows each EV to be plug‐

Electric Vehicles − Consumers and Suppliers of the Electric Utility Systems
http://dx.doi.org/10.5772/51911

79



ged into the grid to get the energy to charge up the battery. The EVs, when aggregated in
sizeable numbers, constitute a new load that the electricity system must supply. However,
an EV can be much more than just a simple load given that bi-directional power transfers
are possible once the interconnection is implemented. Indeed, the integration allows the de‐
ployment of EVs as a generation resource as well as a storage device for certain periods of
time when such deployment aids the system operator to maintain reliable operations in a
more economic manner. We refer to the aggregated EVs as a generation/storage device in
this case. The entire concept of using the EVs as a distributed resource – load and genera‐
tion/storage device–by their integration into the grid is known as the vehicle-to-grid (V2G).
Under this concept, the EVs become active players in grid operations and play an important
role in improving the reliability, economics and environmental attributes of system opera‐
tions. Such benefits include the provision of capacity and energy-based ancillary services,
the reduction of the need for peakers and load levelization.

4.1. Electric vehicle modeling

Electric vehicles constitute a variety of vehicle types with different battery capacities, vehicle
ranges, and vehicle drive trains. Such differences are important to the electric industry be‐
cause of their influence on daily vehicle electricity consumption. The common characteristic
of EVs and PHEVs is that they require a battery, which is the source of all or part of the en‐
ergy required for propulsion. For EVs, the original energy consumption unit in kWh and the
energy consumption per unit distance in kWh/km is generally used to evaluate the vehicle
energy consumption. The battery energy capacity is usually measured in kWh and the driv‐
ing range per battery charge can be easily calculated.

A typical electric vehicle (EV) traction battery system consists of a chain of batteries connect‐
ed in a series, forming a battery pack with nominal voltages ranging from 72 to 324 V and
capable of discharge/charge rates of several hundred amperes.

As vehicles, EVs are not always stationary and, therefore, may be dispersed over a region at
any point in time. In a moving state, EVs may be used for commuting purposes or, possibly
for longer trips – if the battery capacity is large or if the EV is a PHEV.

For the EVs used for commuting, we can view, therefore, that the vehicles are idle an aver‐
age of 22 h a day. We note that as the commuting distance is smaller than the potential
range of the EVs, not all the energy in the batteries is consumed by the commute. We may
see each EV as a potential source of both energy and available capacity that can be har‐
nessed by the grid in addition to supplying the load of the EV to charge up the battery.

In addition to the storage capacity, there are some other aspects of interest in characterizing
the batteries. A critically important one is the state of charge (s.o.c.) of the batteries. It is de‐
fined as the ratio of the energy stored in a battery to the capacity of the battery. It varies
from 0 when the battery is fully discharged to 1– often expressed in percentages as a varia‐
tion from 0% to 100% – when the battery is fully charged and provides a measure of how
much energy is stored in the battery. The s.o.c. typically decreases when energy is with‐
drawn from the battery and increases when energy is absorbed by the battery. Thus, for a
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day during which the EV owner goes to work in the morning, parks the EV, goes back home
in the late afternoon and then plugs the EV for charging during the night, the s.o.c. will
evolve along a pattern illustrated in Fig. 6.

Figure 6. S.o.c. evolution for an EV along a typical working day with only home charging

Batteries release energy more easily when their s.o.c. is high or more exactly above a toler‐
ance level. We stipulate 60% to be the tolerance level in the examples of this work. When the
s.o.c. is lower than 60%, a more appropriate utilization of this battery is for energy absorp‐
tion. If the battery releases energy, then the EV acts as a supply-side resource. If it absorbs
energy, the EV acts as a demand-side resource. We can view the battery store present sup‐
ply-and demand-side resources as a function of the s.o.c. The diagram in Fig. 7 summarizes
this information.

Figure 7. Relation between the s.o.c. and the function of the EV
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The frequent switching of the s.o.c. may cause a decrease in battery storage capability which
is defined as the battery degradation.

4.2. EVs aggregation

The battery storage of an individual EV is too small to impact the grid in any meaningful
manner. An effective approach to deal with the negligibly small impact of a single EV is to
group together a large number of EVs – from thousands to hundreds of thousands. The ag‐
gregation, then, can impact the grid both as a load and a generation/storage device.

The basic idea behind such aggregation is the consolidation of the EVs, so that together they
represent a load or a resource of a size appropriate to exploit economic efficiencies in elec‐
tricity markets. The Aggregator is a new player whose role is to collect the EVs by attracting
and retaining them so as to result in a MW capacity that can impact beneficially the grid.
The size of the aggregation is indeed the key to ensuring its effective role. In terms of load,
an aggregation of EVs represents the total capacity of the batteries, an amount in MWs that
constitutes a significant size and allows each EV to benefit from the buying power of a large
industrial/commercial customer. There are additional economic benefits that accrue as a re‐
sult of the economies of scale. The aggregated collection behaves as a single decision maker
that can undertake transactions with considerably lower transaction costs than would be in‐
curred by the individual EV owners. So, the aggregated entity can make purchases – be it
electricity, batteries or other services – more economically than the individual EV owners
can and can pass on the savings to each EV owner. As a resource, the aggregated EVs consti‐
tute a significant capacity that may beneficially impact the operations of a system operator.
The SO deals directly with the Aggregator, who sells the aggregated capacity and energy
services that the collection of EVs can provide. The Aggregator’s role is to effectively collect
the distributed resources into a single entity that can act either as a generation/storage de‐
vice capable of supplying capacity and energy services needed by the grid or as a controlla‐
ble load to be connected to the ESP to be charged in a way so as to be the most beneficial to
the grid. It is the role of the Aggregator to determine which EVs to select to join the aggrega‐
tion and to determine the optimal deployment of the aggregation. A single aggregation may
function either as a controllable load or as a resource, as depicted in Fig. 8.

The charging of the EVs introduces a new load into the system. For every SO, the load has a
typical daily shape formed of on- peak and off-peak periods as described in section 2.

The EV aggregation can act as a very effective resource by helping the operator to supply
both capacity and energy services to the grid. To allow the operator to ensure that the sup‐
ply– demand equilibrium is maintained around the clock, the EV aggregation may be used
for frequency regulation to control frequency fluctuations that are caused by supply–de‐
mand imbalances. The shape of the regulation requirements varies markedly from the on-
peak to the off-peak periods. We define regulation down as the absorption of power and
regulation up as the provision of power. A battery may provide regulation up or regulation
down service as a function of its s.o.c. Depending on its value for each EV in the aggrega‐
tion, the collection maybe deployed for either regulation up or regulation down at a point in
time. Resources that provide regulation services are paid for the capacity they offer.
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Figure 8. EVs working as load and as supplier of electricity

4.3. The adequate electricity markets for EVs

EVs, with their fast response and low capital costs, appear to be a better match for the quick-
response, short-duration, electric services, such as spinning reserves and balancing. The
equivalent of those markets in the Portuguese Electric sector, are secondary and tertiary reg‐
ulation (REN, 2012).

Spinning reserves are paid for by the amount of time they are available and ready even
though no energy was actually produced. If the spinning reserve is called, the generator is
paid an additional amount for the energy that is actually delivered (e.g., based on the mar‐
ket-clearing price of electricity at that time). The capacity of power available for 1 h has the
unit MW-h (meaning 1MW of capacity is available for 1 h) and should not be confused with
MWh, an energy unit that means 1MW is flowing for 1 h. These contract arrangements are
favorable for EVs, since they are paid as “spinning” for many hours, just for being plugged
in, while they incur relatively short periods of generating power.

Regulation or balancing, also referred to as automatic generation control (AGC) or frequen‐
cy control, is used to fine-tune the frequency and voltage of the grid by matching generation
to load demand. Some markets split regulation into two elements: one for the ability to in‐
crease power generation from a baseline level, and the other to decrease from a baseline.
These are commonly referred to as “regulation up” and “regulation down”, respectively.
Compared to spinning reserves, it is called far more often, requires faster response, and is
required to continue running for shorter durations.

4.4. Estimation of costs and revenues for vehicles owners

4.4.1. Estimation of revenues for vehicles owners

Calculating revenue for vehicle owners depend on the market that V2G power is sold into.
Equation 1 can be used for markets that pay for available capacity and for energy (Kempton
and Tomic, 2005a).
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cap plug el d c plugr p Pt p R Pt-= + (1)

Where r is the total revenue [€], p cap is the market price for capacity [€/kW-h], P is the con‐
tracted capacity available less or equal to P V2G [kW], t plug is the time the EV is plugged in
and available [h], p el is the price of electricity for the plugged in hours [cents/kWh], R d-c is
the dispatch to contract ratio given by E disp /(P.t plug ).

Capacity payments are an important part of revenue and compensation for energy delivered
generally nets out taking into account the energy that must be purchased to charge the vehi‐
cle and the cost of batteries depreciation. Furthermore, to compute energy payments, a pro‐
file of grid services provided by the vehicle must be defined.

In Portugal, the average capacity prices for regulation between 2007 and 2011 and for the
first months of 2012 were shown in Table 3.

Year

Capacity

Price
Power range

Regulation

[€/MW]

[€/MW-h] [MW] up down

2007 18.5 188 45.7 32.7

2008 21.4 158 63.5 42.2

2009 28.9 197 48.5 21.5

2010 27.2 290 53.8 13.5

2011 27.8 286 73.7 12.6

2012 36.3 291 64,9 24,4

Table 3. Average prices and capacity for regulation services in Portugal (REN, 2012)

In Fig. 9 is depicted the annual average regulation band evolution and the weighed unit ca‐
pacity price. The average power range for regulation has increased in the last 5 years, repre‐
senting from 2.8% of average power in 2007 till 5% in 2011.

Figure 9. Evolution of regulation band and unit capacity price (REN, 2012)
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Looking at the percentage of wind power production in the same 5 years, it increased from
9.3% in 2007 to 18% in 2011. It can be assumed that the increase of intermittent power sour‐
ces like wind, in the electricity generation mix, leads to an increase of need of power band
reserves to assure the same level of system reliability.

In Fig. 10 it is depicted the evolution of capacity installed and energy production in Portugal
among the different technologies.

Figure 10. Evolution of capacity installed in the different technologies (left-side) and of annual production from the
different technologies (right-side) (REN, 2012)

The increase needs for ancillary services (spinning reserves and regulation) had been fulfil‐
led by the dispatchable technologies in the proportion described in Table 4.

Years 2007 2008 2009 2010 2011

Hydro 67% 39% 18% 28% 27%

Coal 10% 3% 16% 12% 14%

Nat.gas 23% 58% 66% 60% 59%

Table 4. Evolution of the contracted power band among the dispatchable available technologies in Portugal (REN,
2012)

From 2007 till 2011 the power band has increased in 100 MW. To fulfil this 100MW needs,
about 30000 EVs at a 3.5 kW each should be plugged. If only 20% of total EVs were available
to supply this service, 140000 EVs should be necessary (3% of the total actual light duty
fleet). For instance considering the average prices occurred in the first 2012 months and de‐
picted in Table 5.

Capacity Power

range

Regulation [€/MW]

Price Valley off-valley

[€/MW-h] [MW] up down up down

36,3 291 64,9 24,4 61,3 35

Table 5. Average prices and capacity for regulation services in Portugal in 2012 (REN, 2012)
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An EV can expect to achieve a daily revenue of 2.3 € for providing ancillary services to the
power grid (Table 6).

Capacity
Energy

valley Peak

pcap [cents/kW-h] 3.6

P [kW] 3.5

tplug [h] 16 9 7

Edisp [kWh/day] 3.0 3.0

Pelup [cents/kWh] 6.5 6.1

Peldown[cents/kWh] 2.4 3.5

Rc-d 0.10 0.12

Revenue [€/day] 2.02 0.13 0.14

Table 6. Expected daily revenues for an EV that provides ancillary services in Portugal

4.4.2. Estimation of costs for vehicles owners

The cost of V2G is calculated from purchased energy, wear and capital cost. The energy and
wear for V2G are those incurred above energy and wear for the primary function of the ve‐
hicle, transportation. Similarly, the capital cost is that of additional equipment needed for
V2G, but not for driving. The general formula for annual cost is (equation 2):

en need acc c E c= + (2)

c is the total cost per year [€], c en the cost per energy unit produced for V2G [€/kWh], E need is
the electric energy needed to be dispatched in the year [kWh] considering the conversion’s
efficiencies (equation 3).

/need disp convE E h= (3)

cac is the annualized capital cost for additional equipment needed for V2G including also the
cost of equipment degradation (wear) due to extra use for V2G (equation 4).

( )1 1
ca d c n

dc c c
d -

= +
- +

(4)

cd represents the annual costs of battery degradation, c c, the capital cost of extra equipment,
d the discount rate and n the investment’s life time.
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The costs for battery degradation depend on the cycling regimes. As V2G extra cycling
would increase battery replacement and additional cost for that should be taken into ac‐
count. For example considering that a lithium-ion battery could have a 3000 cycle life time
(Tomic and Kempton, 2007) at a 100% of discharge and could last almost 10 years with less
than a daily charge, an extra shallow, 4% cycling for regulation services occurring in average
10 times in a day it would shorten batteries life in 40% so that after 6 years they should have
to be replaced. To compare investments with different life times we use the annuity method
(equation 5).

( ) ( ) 21 1 1 1
d bat nl n

d dc c
d d- -

æ ö
ç ÷= -
ç ÷- + - +è ø

(5)

cbat is the cost of battery and n 1 and n 2 are the expected life times without and with V2G.

The estimated costs for EVs’ owners for providing ancillary services are depicted in Table 7.

Costs

Bat Cap [kWh] 16

Edisp [kWh] 900

ηconv 0,8

Eneed [kWh] 1125

cen [cents/kWh] 7

cbat [€/kWh] 700

cd [€/yr] 754

cc [€] 500

d [%] 8%

n1 [yr] 10

n2 [yr] 6

cca [€/yr] 828

c[€/yr] 907

Table 7. Expected annual costs for an EV that provides ancillary services in Portugal

4.4.3. Estimation of financial results for vehicles owners

In this way, estimates for annual profits for EVs’ owners, as a result of capacity payments
providing regulation capacity could be computed considering the values in table 8.
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Revenue Costs

Capacity [€/yr] 605

Reg. Up [€/yr] 43

Reg. down [€/yr] 40

sav. in recharge [€/yr] 63

c [€/yr] 907

Table 8. Estimation of costs and revenues for V2G providing regulation services in Portugal

As V2G is connected at low voltage this regulation service should be purchased by a distri‐
bution company that could act as an aggregator to provide enough regulation power to sell
in the power markets subjected to the prices shown in Table 5.

We consider that the EVs provide regulation during valley and off-valley hours. During val‐
ley hours they are mainly used for charging for further use (for driving and for grid sup‐
port) but also could provide regulation up and down during this time. For providing
regulation up and down we considered the vehicles are plugged-in daily during at least 7
off-valley hours and 9 valley hours. If the vehicles offer this service for 300 days per year a
total of 605€ could be earned only for providing. If an average energy of 3.0 kWh is supplied
daily to the grid, an annual revenue of 43.2€ could be expected for regulation up and a total
revenue of 40€ for regulation down plus 63€ in savings for recharging (due to energy input).
Unfortunately, under the described assumptions, total annual costs exceed total revenues in
156€. This loss is very sensitive to battery degradation, if we consider n2=7 years instead of
n2=6 years, total annual costs decrease to 635€ and a result of 116€ could be obtained (318€
with n2=8, table 9).

n2=6 n2=7 n2=8

Total revenue [€/yr] 751 751 751

Total costs [€/yr] 907 635 433

Result [€/yr] -156 116 318

Table 9. Estimation of costs and revenues for V2G for different assumptions of battery life

It should not be forgotten that, it is the aggregator that trades directly to the grid for offering
regulation services with V2G and works with the market prices showed in table 5 and so a
percentage of the earnings should go to the aggregator. Considering a 4% revenue for the
aggregator services, the EV’s owner profits could range from -156€ to 305€.
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5. Conclusion

Electric vehicles (EVs) and plug-in hybrid electric vehicles (PHEVs), which obtain their fuel
from the grid by charging a battery, are set to be introduced into the mass market and ex‐
pected to contribute to oil consumption reduction. PHEVs and EVs can also provide a good
opportunity to reduce CO2 emissions from transport activities if the electricity they use to
charge their batteries is generated through low carbon technologies. In addition to the envi‐
ronmental issue, EVs bring techno-economical challenges for utilities as well, because EVs
will have great load flexibility as they are parked 93% of their lifetime, making it easy for
them to charge either at home, at work, or at parking facilities, hence implying that the time
of day in which they charge, can easily vary. EV aggregations can act as controllable loads
that contribute to level the off-peak load at night or as generation/storage devices that can
provide up and down regulation service when the vehicles are parked.

This chapter described how the electric vehicle can work as a “prosumer” of electricity. The bene‐
fits to the electric utilities and the costs of services provided by EVs in each type of power market
were addressed, the role of a new agent on the power market – The EV aggregator – and the eco‐
nomic advantages for EVs owners considered the Portuguese energy market as a case study.

There are still many doubts about the life time of EV batteries and battery degradation when prov‐
ing V2G. Global costs are very sensitive to battery costs and degradation assumptions so that
profits can range from -155€/yr to 305€/yr considering respectively 40% to 20% in batteries life
range reduction due to V2G supply.

The pressure to generate electricity from endogenous low carbon resources in the majority of the
countries makes naturally transport electrification a solution to lower emissions and fossil fuels
use from the transportation sector. On the other hand, the increasing of intermittent renewable
sources in the power systems, forces the increase of the regulation power band in order to assure
the same level of reliability to the power system which would increase the power installed and
fixed costs to the power system.

EVs can be a benefit to the environment by reducing emissions and noise in the cities while, at the
same time, by providing ancillary services to the power grid, reduce the investments and opera‐
tion costs in thermal generation and allows the integration of more renewable production. To
provide a 100 MW of band power a total of 30000 EVs at a 3.5 kW each should be plugged-in. If only
20% of total EVs are available to supply this service, 140000 EVs should be necessary which corre‐
sponds of 3% of the total actual light duty fleet in the Portuguese case study.
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1. Introduction

In this chapter, the most important possibilities for increasing energy efficiency of electric
vehicles would be considered, regarding energy savings accumulated in the vehicle itself and
increasing the range of performances of the cars with given initial resources. Some of the
possibilities that should provide such a progress nowadays are:

• Using energy under braking

• Using waste heat energy

• Additional supply by solar cells

• Improved mechanical energy transmission system

• Improved cars shell design

• Increasing of efficiency of power convertors

• Special design of electric engines

• Using supercapacitors, fuel cells and new generation batteries

• Route selection on the criterion of minimum consumption in real time

• Parameter monitoring inside and outside of the vehicle and computerized system control
with optimization of energy consumption

Today, the problem of energy becomes so important that an entire industry is turning towards
clean, renewable energy (solar energy, wind energy, etc.). Prototypes of hybrid vehicles with
the announcement of mass production scheduled for the near future have become everyday
occurrence. In addition, many cars are designed to use only electricity as motive power, which
reduces emissions to zero.
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Photo cells in a glass roof generate electricity, even at lower intensity of solar radiation; this
current operates using a fan in a vehicle. In this way the vehicle interior has a constant supply
of fresh air and pleasant temperatures (up to 50% lower), although the motor vehicle is turned
off so that fuel economy is evident. The solar roof is only the beginning, while the development
of city cars is going toward solar vehicles prototype.

A solar vehicle is an electric vehicle powered completely or significantly by direct solar energy.
Usually, photovoltaic (PV) cells contained in solar panels convert the sun's energy directly into
electric energy. The term "solar vehicle" usually implies that solar energy is used to power all
or part of a vehicle's propilsion. Solar power may be also used to provide power for commu‐
nications or controls or other auxiliary functions.

Another  concept  that  has  been  developing  over  the  years  is  a  kinetic  energy  recovery
system,  often  known simply  as  KERS.  KERS  is  an  automotive  system for  recovering  a
moving vehicle's kinetic energy under braking. The recovered energy is stored in a reser‐
voir (for example a flyeheel or a batterry or supercapacitor) for later use under accelera‐
tion.  Electrical  systems  use  a  motor-generator  incorporated  in  the  car’s  transmission
which converts mechanical energy into electrical energy and vice versa. Once the energy
has been harnessed, it is stored in a battery and released when required. The mechanical
KERS system utilizes flywheel technology to recover and store a moving vehicle’s kinetic
energy which is  otherwise wasted when the vehicle is  decelerated.  Compared to the al‐
ternative of electrical-battery systems, the mechanical KERS system provides a significant‐
ly  more  compact,  efficient,  lighter  and  environmentally-friendly  solution.  There  is  one
other option available - hydraulic KERS, where braking energy is used to accumulate hy‐
draulic pressure which is then sent to the wheels when required.

Development of new components, improved connections and electric engine control algo‐
rithms allow increase of efficiency of power convertors, therefore electric engine itself, to the
maximum theoretical limits. New generation improvements of electric engine system has an
impact on price, however investment quickly pays off during operating.

Major efforts are invested in the development of high energy density batteries with minimum
ESR. Also, current research show that fuel cells have reached needed performances for
commercial use in electric vehicles. Supercapacitors that provide high power density increase
the acceleration of vehicle as well as collecting all the energy from instant braking, therefore
improvements of the characteristics of power supply are made.

Modern electric vehicles have full information system that has constant modifications and does
monitoring of inside and outside parameters in order to achieve maximum energy savings.
Except for smart sensors, it is highly important to process GPS signals and route selection on
the criterion of minimum energy consumption.

By combining these technologies, concepts and their improvements, we are slowly going
towards energy-efficient vehicles which will greatly simplify our lives in the future.
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2. Electrical losses reduction in EV

2.1. Energy efficiency of the converters

Increasing of the energy efficiency of the convertors can be achieved by optimizing their
configuration and control, as well as choosing the adequate component. Converter configu‐
ration depends on the type of the electric motor (DC or AC), possible recovery energy braking,
drive dynamics etc.

For DC motor supply there are mostly used chopper voltage reducers, so they will be consid‐
ered here. Figure 7 shows simplified presentation of the chopper supply of a DC motor.
Chopper is shown as ideal breaker controlled by voltage (Uup), so it can control switching on
(TON) and switch-off (Toff) exiting voltage (Udo). For all four quadrant operation transistor bridge
as shown in fig. 1 can be used [1].

Figure 1. Transistor Bridge

By switching on transistor pairs T1-T2 or T3-T4 positive or negative polarity of motor voltage
ud is provided. To close motor current at null or reverse polarization, diodes D1 to D4 are
provided. Converter part of the AC drive of the vehicle consists of the inverters, regulators
and control set. The inverter is part of the drive inverter that inverts DC voltage to AC voltage
necessary waveform to ensure the required control electric motors. Three-phase inverter
consists of three inverter bridges with two switching elements in each bridge, therefore, a total
of six switches. By controlling the moments of switching of the particular switches, and by
controlling the length of their involvement, the appropriate waveforms at the output of
inverter are achieved.
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2. Electrical losses reduction in EV

2.1. Energy efficiency of the converters

Increasing of the energy efficiency of the convertors can be achieved by optimizing their
configuration and control, as well as choosing the adequate component. Converter configu‐
ration depends on the type of the electric motor (DC or AC), possible recovery energy braking,
drive dynamics etc.

For DC motor supply there are mostly used chopper voltage reducers, so they will be consid‐
ered here. Figure 7 shows simplified presentation of the chopper supply of a DC motor.
Chopper is shown as ideal breaker controlled by voltage (Uup), so it can control switching on
(TON) and switch-off (Toff) exiting voltage (Udo). For all four quadrant operation transistor bridge
as shown in fig. 1 can be used [1].

Figure 1. Transistor Bridge

By switching on transistor pairs T1-T2 or T3-T4 positive or negative polarity of motor voltage
ud is provided. To close motor current at null or reverse polarization, diodes D1 to D4 are
provided. Converter part of the AC drive of the vehicle consists of the inverters, regulators
and control set. The inverter is part of the drive inverter that inverts DC voltage to AC voltage
necessary waveform to ensure the required control electric motors. Three-phase inverter
consists of three inverter bridges with two switching elements in each bridge, therefore, a total
of six switches. By controlling the moments of switching of the particular switches, and by
controlling the length of their involvement, the appropriate waveforms at the output of
inverter are achieved.
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General modern circuit for speed regulation of DC motor is shown in figure 2. Reference rotary
speed Wref is set and also maximum armature current Iamax and their actual values are monitored
and also brought into regulator which outputs present command values for excitation
actuators and inductor [1-2].

Figure 2. Circuit for speed regulation of DC motor with independent field

Out of base range (for speeds above nominal) method of reduced field is used so among basic
values excitation current, if, is monitored. Apart from classic PID action, regulating algorithm
comprises other tasks (actuator command input adaptation, change of regulating method in
accordance with the given speed, alarms etc.). Standard way of regulating DC drives, cascade
regulation, consists of two feedbacks: internal – current and external – speed.

Asynchronous motor at constant frequency and amplitude of supply voltage rotor speed
depends of load torque, which requires complicated governing algorithms in case when
precise speed control and/or position. This phenomenon is a consequence of principle of
asynchronous motor, and it is electromagnetic induction, which requires difference in between
rotor speed and rotary magnetic field generated by stator to create electromagnetic torque.
Electronics that creates algorithms mentioned was expensive earlier and such a use of
asynchronous motors was difficult, but today with cheaper electronics components and use
of microprocessors for regulating algorithms they are more often used.

Figure 3 represents block-diagram of regulated drive for AC motor. Depending on use and
requirements, some of feedbacks and regulators can be left out. Power block (converter +
motor) has two input and five output values. Input (command) parameters are effective
polyphase supply voltage Ud and frequency Ws. Output (regulated) values are motor current
Is, flux w, position O, rotary frequency w and torque me. Each of those has proper regulator
in negative feedback, in order as shown in figure 10.
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Figure 3. Block diagram of AC motor regulator

Regulation (close-loop control) comprises control with negative feedback, or feedbacks, by
means of which, by means of measuring regulated parameters and comparing with required
(reference) parameters those values, is acted upon command parameters, so it is automatically
achieved ahead defined values of controlled values [1-2].

There may be a large energy saving by selecting the suitable power switching elements, which
development is in high prosperity. As switch elements in the inverters and choppers high-
power bipolar transistors, MOS (Metal Oxide Semiconductor) transistors or IGBTs (Insulated
Gate Bipolar Transistor) are used. High-power bipolar transistors have very low collector-
emitter resistance in the conducting state, while their control must provide sufficient supply
base, it is required a relatively high power for control. On the other hand, MOS transistors
have very high input resistance, and to control them it is just enough to provide the appropriate
value of the voltage between the gate and source. Therefore the MOS transistor control current
is almost zero and there is no power dissipation in the control circuit. Lack of MOS transistors
is relatively high resistance in ON state. IGBT belongs to the family BiMOS transistors and
combines these fine qualities of high-power bipolar and MOS transistors [2].

Development of multi-axis distributed control systems where sensors, actuators and controller
are distributed across networks. System features system synchronized control and high speed
serial communications using fiber optic channels for noise immunity. In addition, communi‐
cation protocols have been developed that monitor data integrity and can sustain operation in
the event of a temporary loss of communication channel. Engineers can design a system to
meet exact customer requirements (fig. 4) [2].

In this way, the optimization of the drive by the criteria of the dynamics and energy efficien‐
cy, while following the user's request. For supply of certain components, particularly in hy‐
brid vehicles, high power supplies of constant current or current impulses are needed.
Precise management and optimization of such sources today is exclusively microprocessor
controlled [3].
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Figure 4. Distributed control

2.2. Energy efficiency of the electric motor

The electric motor is the most important part of the electrical drive and the last link in the chain
of energy conversion. DC motors because of their good qualities, control of the rotation speed
and control of the torque, for a long time have been irreplaceable part of the controlled electric
motor drives. In recent years, thanks to the advanced control techniques, asynchronous motors
take place of the DC motors in regulated drives because of its good properties (robustness,
lower maintenance requirements and their appliances in explosive environments, which are
especially important in the case of hybrid vehicles).

Electric motor drive is designed and optimized starting from the known parameters of the
engine. The latest methods for minimizing the power losses in real-time by reducing the level
of flux does not require knowing of all engine parameters, and can be applied to asynchronous
motor drives with scalar and vector control. Optimization of efficiency of asynchronous motors
is based on adaptive adjustment of flux levels in order to determine the optimum operating
point by minimizing losses [2].

Losses due to higher harmonics have to be taken into account when determining the degree
of efficiency of the entire drive. The voltage at the output of the inverter is considered ideal
sinusoidal in the case of control structure developing and the produced effects of higher
harmonics are subsequently taken into account.

Any well-designed controller for optimization should meet the following requirements [2]:

• to determine the optimal operating point for each speed and each load torque of the defined
areas of work;

• the duration of the optimization process is as short as possible;

• to have a minimum number of sensors required;

• to be easy to use;

• that it can be applied to any standard electric motor drive;
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• that it can be applied to any type of engine if the only known data are on motor nameplate;

• to demonstrates a high degree of robustness in the case of disruption load torque;

• Demonstrates a high degree of robustness in the case of motor parameter variations.

Beside  the  standard  electric  motors,  solutions  specially  made  for  EV  are  developing.
Therefore,  switched reluctance motor (SRM) is  gaining much interest  as  a  candidate for
electric  vehicle  (EV) and hybrid electric  vehicle  (HEV) electric  propulsion for  its  simple
and rugged construction,  ability  of  extremely  high-speed operation,  and insensitivity  to
high temperatures. However, because SRM construction with doubly salient poles and its
non-linear magnetic characteristics,  the problems of acoustic noise and torque ripple are
more  severe  than  these  of  other  traditional  motors.  Power  electronic  technology  has
made the SRM an attractive choice for many applications.  The SRM is a doubly salient,
singly  excited  synchronous  motor.  The  rotor  and  stator  are  comprised  of  stacked  iron
laminations with copper windings on the stator, as shown in Fig. 5 [4]. The motor is ex‐
cited with a  power electronic  inverter  that  energizes  appropriate  phases  based on shaft
position. The excitation of a phase creates a magnetic field that attracts the nearest rotor
pole to the excited stator pole in an attempt to minimize the reluctance path through the
rotor. The excitation is performed in a sequence that steps the rotor around.

Figure 5. A switched-reluctance motor with 8 stator poles and 6 rotor poles

The SRM is similar in structure to the stepping motor, but it is operated in a manner that allows
for smooth rotation. Because there are no permanent magnets or windings on the rotor, all of
the torque developed in the SRM is reluctance torque. While the SRM is simple in principle, it
is rather difficult to design and develop performance predictions. This is due to the nonlinear
magnetic characteristics of the motor under normally saturated operation.

The special design of electric motors used in direct-drive vehicles where the engines are
installed in each wheel. This will be discussed more in the mechanical transmission part.
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2.3. Supercapacitors vs. accumulator batteries and fuel cells

Supercapacitors are relatively new type of capacitors distinguished by phenomenon of
electrochemical double-layer, diffusion and large effective area, which leads to extremely large
capacitance per unit of geometrical area (in order of multiple times compared to conventional
capacitors). They are taking place in the area in-between lead batteries and conventional
capacitors. In terms of specific energy (accumulated energy per mass unity or volume) and in
terms of specific power (power per mass unity or volume) they take place in the area that
covers the order of several magnitudes. Supercapacitors fulfill a very wide area between
accumulator batteries and conventional capacitors taking into account specific energy and
specific power [1]. Batteries and fuel cells are typical devices of small specific power, while
conventional capacitors can have specific power higher than 1MW/dm3, but at a very low
specific energy. Electrochemical capacitors improve batteries characteristics considering
specific power or improve capacitors characteristics considering specific energy in combina‐
tion with them. In relation to other capacitor types, supercapacitors offer much higher
capacitance and specific energies [5-6].

Accumulator batteries and low temperature fuel cells are typical devices with low specific
power, where conventional capacitors may have specific power over 1MW/dm3, but at very
low specific energy. Electrochemical capacitor can improve characteristics of batteries in terms
of specific power and improve properties of capacitors in terms of specific energy when they
are combined with them [7].

The principal supercapacitor characteristic that makes it suitable for using in energy storage
systems (ESS), is the possibility of fast charge and discharge without lost of efficiency, for
thousands of cycles. This is because they store electrical energy directly. Supercapacitors can
recharge in a very short time having a great facility to supply high and frequent power demand
peaks [8].

2.3.1. Supercapacitor caracterization

Electrochemical investigation methods are widely used for characterization of different kinds
of materials, as well as of the processes in systems where the electrochemical reactions take
part. There is a series of well known methods, but some new methods from electrotechnical
area have been introduced [9-10]. So, first of all it was given an overview of the standard
electrochemical methods and parameters, beginning with potential measurement and simple
methods such as chronopotentiometry and chronoamperometry, till electrochemical impe‐
dance spectroscopy [10]. The last named method is adapted for systems containing large
capacitances that became actually with appearance of electrochemical supercapacitors. New
methods are Dirac voltage excitation and Dirac current excitation. Measurement system
described here allows application of electrochemical methods, as follows: measuring open
circuit potential, chronopotentiometry, chronoamperometry, galvanostatic method, potentio‐
static method, Dirac voltage excitation, galvanodynamic method, cyclic voltammetry and
electrochemical impedance spectroscopy [10-11].
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2.3.2. Supercapacitors as a function of increasing energy efficiency of EV

Most strict requirements are related to supercapacitors applying in electric haulage, i.e. for
vehicles of the future. Nowadays, batteries of several hundred farad capacitance are with
working voltage of several hundred volts have been produced. Beside great capacitance and
relatively high working voltage, these capacitors must have great specific energy and power
(because of limited space in vehicle). Considering their specific power, they have great
advantage in relation to accumulator batteries, but, on the other side, they are incomparably
weaker considering specific energy. Hence, ideal combination is parallel connection of
accumulator and condenser batteries. In an established regime (normal drawing) vehicle
engine is supplied from accu-battery, and in the case of rapidly speeding, from supercapacitor.
Very important is the fact that in the case of abrupt breaking, complete mechanical energy
could be taken back to system by converting into electrical energy only in presence of super‐
capacitor with great specific power [1].

In Figure 6 the scheme of an electrical drive vehicle in which supercapacitor is used for energy
storage and so-called regenerative breaking is presented.

Figure 6. Scheme of electrical drive vehicle with supercapacitor with possibitlity for using breaking energy; B – one-
way voltage source, SC – supercapacitor; DC/DC – direct voltage converter; R – regulator; M-G – engine – generator
(depending on working regime; W – drive wheels

2.3.3. Supercapacitors in regulated electrical drives

Regulated electrical drives are more than 30% of all electric drives. They are developing quickly
and present to constructors stricter and stricter speed regulation (and position) and torque.
From energy point of view it is desirable their more participation, since optimal speed setting
or required can lead to reduction of used energy [1].

DC source voltage is performed by means of DC-DC converter (chopper). Figure 7 shows
principal scheme of such a system.

To provide breaking, or to dissipate braking energy that cannot be returned to the network
through diode rectifier, it is required to have braking device with transistor T and resistor R.
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Input voltage Udo is filtered by simple LC filter and brought to the chopper input that regu‐
lates mean value of output voltage Ud.

Figure 7. Principal scheme of chopper supply with supercapacitor

2.3.4. Accu batteries

Nowadays, there are a great amount of standard batteries that can be used for EV, however
every single type has disadvantages that affect the performance of the vehicle. Therefore,
compromises are often made between cost and quality, at the expense of energy efficiency
almost all the time. Batteries in combination with supercapacitors are significant improvement
and for now this is the system that has the best perspective for future EV.

In the table 1 it is presented the cost per Watt-hour and Specific Energy (Watt-hours per
kilogram) for various types of batteries. It is not surprising that the well-known Lead-acid
storage batteries head the list. Alkaline cells may be recharged literally dozens of times using
the new technology. Recharging alkaline, nickel-cadmium and nickel-metal hydride cells side-
by-side in one automatic charger opens up new possibilities for battery selection economy [12].

Battery type Cost, USD/Wh Specific Energy, Wh/kg

Lead-acid 0.17 41

Alkaline long-life 0.19 110

NiMH 0.99 95

NiCd 1.50 39

Lithium-ion 0.47 128

Table 1. Batteries cost per Watt-hour and Specific Energy

Costs of lithium-ion batteries are falling rapidly in the race to develop new electric vehicles.
The $0.47 price per watt-hour above is for the Nissan Leaf automobile, and they predict a target

New Generation of Electric Vehicles102

cost of $0.37 per watt-hour. Tesla Automobiles uses a smaller battery pack, and they are
optimistic about reaching a price of $0.20 per watt-hour in the near future [12].

There is another type of battery that does not appear in the table above, since it is limited in
the relative amount of current it can deliver. However, it has even higher energy storage per
kilogram, and its temperature range is extreme, from -55 to +150°C. That type is Lithium
Thionyl Chloride. It is used in extremely hazardous or critical applications. The specifications
for Lithium Thionyl Chloride are $1.16 per watt-hour, 700 Watt-hours per kilogram [12].

Several parameters can be considered for selecting the more adequate battery typology:
specific energy, specific power, cost, life, reliability, etc. In addition, it is to be considered that
batteries for hybrid electric vehicles require higher powers and lower energies than batteries
for pure electric vehicles. Among the previously listed typologies, Lead-acid and Nickel-
Cadmium andSodium-Nickel Chloride batteries are normally used on board electric vehicles,
because of their low specific powers [13].

2.3.5. Fuel cells

As far as the fuel cells are concerned, several types are available today, but for vehicle
propulsion, Polymer Electrolyte Fuel Cell (PEFC) systems, fed by air and pure hydrogen stored
aboard, seem to be highly preferable over other types, mainly because their reduced operating
temperature (65-80 degrees depending on the cell design) allow very fast start-up times, and
eases the thermal management. A Polymer Electrolyte Fuel Cell is an electrochemical device
that converts chemical energy directly into electrical energy, without need of intermediate
thermal cycles. It normally consumes H2 and O (typically from Air) as reactants and produce
water, electricity and heat. Since cell voltage is so low (less than 1 V), several cells are normally
connected in series to form a fuel cell stack with a voltage and power suitable for practical
applications.

A fuel cell electric vehicle (FCEV) has higher efficiency and lower emissions compared with
the internal combustion engine vehicles. But, the fuel cell has a slow dynamic response.
Therefore, a secondary power source is needed during start up and transient conditions.
Ultracapacitor can be used as secondary power source. By using ultracapacitor as the secon‐
dary power source of the FCEV, the performance and efficiency of the overall system can be
improved. In this system, there is a boost converter, which steps up the fuel cell voltage, and
a bidirectional DC-DC converter, that couples the ultracapacitor to the DC bus (fig. 8) [13-14].

2.3.6. New systems

The priority of the EV future development and its commercial success certainly is optimization
of the electric power supply. Besides the usual combinations (batteries and supercapacitors,
and supercapacitors), researches are going towards new systems that integrate favorable
characteristics of the previously used systems.

Typically, standard ultracapacitors can store only about 5% as much energy as lithium-ion
batteries. New hybrid system can store about twice as much as standard ultracapacitors, al‐
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Input voltage Udo is filtered by simple LC filter and brought to the chopper input that regu‐
lates mean value of output voltage Ud.

Figure 7. Principal scheme of chopper supply with supercapacitor
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Table 1. Batteries cost per Watt-hour and Specific Energy
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though this is still much less than standard lithium-ion batteries. However, the advantage of
ultracapacitors is that they can capture and release energy in seconds, providing a much
faster recharge time compared with lithium-ion batteries. In addition, traditional lithium-ion
batteries can be recharged only a few hundred times, which is much less than the 20,000 cy‐
cles provided by the hybrid system. In other words, the hybrid lithium-ion ultracapacitors
have more power than lithium-ion batteries, but less energy storage. In the future, the hy‐
brid lithium-ion ultracapacitor could also be used for regenerative braking in vehicles, espe‐
cially if it could be scaled up to provide greater energy storage. Since vehicle braking
systems need to be recharged hundreds of thousands of times, the hybrid system’s cycle life
will also need to be improved [15].

Figure 8. Vehicle with an electrochemical storage system

Using new processes central to nanotechnology, researchers create millions of identical
nanostructures with shapes tailored to transport energy as electrons rapidly to and from very
large surface areas where they are stored. Materials behave according to physical laws of
nature. The Maryland researchers exploit unusual combinations of these behaviors (called self-
assembly, self-limiting reaction, and self-alignment) to construct millions -- and ultimately
billions -- of tiny, virtually identical nanostructures to receive, store, and deliver electrical
energy [16].

2.4. Reduction of losses in the conductors and connectors

From the viewpoint of energy efficiency, choice of supply voltage, as well as quality contacts
in the connectors and cable section is very important. The designer is limited by other factors
such as the security problem (for battery overvoltage), limited space and cost. Therefore, it is
necessary to optimize the supply voltage and the conductor section with given constraints. It
is similar to the choice of connectors.
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Hybrid and electric vehicles have a high voltage battery pack that consists of individual
modules and cells organized in series and parallel. A cell is the smallest, packaged form a
battery can take and is generally on the order of one to six volts. A module consists of several
cells generally connected in either series or parallel. A battery pack is then assembled by
connecting modules together, again either in series or parallel [17]. The pack operates at a
nominal 375 volts, stores about 56 kilowatt hours (kWh) of electric energy and delivers up to
200 kilowatts of electric power. These power and energy capabilities of the pack make it
essential that safety be considered a primary criterion in the pack’s design and architecture [18].

Recent battery fires in electric vehicles have prompted automakers to recommend discharging
lithium ion batteries following serious crashes. However, completely discharging a vehicle’s
battery to ensure safety will permanently damage the battery and render it worthless. Self-
discharge effects and the parasitic load of battery management system electronics can also
irreversibly drain a battery.

Zero-Volt technology relies on manipulating individual electrode potentials within a lithium
ion cell to allow deep discharge without inflicting damage to the cell. Quallion has identified
three key potentials affecting the Zero-Volt performance of lithium ion batteries. First, the Zero
Crossing Potential (ZCP) is the potential of the negative electrode when the battery voltage is
zero. Second, the Substrate Dissolution Potential (SDP) is the potential at which the negative
electrode substrate begins to corrode. Finally, the Film Dissolution Potential (FDP) is the
potential at which the SEI begins to decompose. The crucial design parameter is to configure
the negative electrode potential to reach the ZCP before reaching either the SDP or the FDP at
the end of discharge. This design prevents damage to the negative electrode which would
result in permanent capacity loss. Figure 9 shows a schematic of the voltage profile during
deep discharge of Quallion’s Zero-Volt cells [18].

Figure 9. Schematic of key Zero-Volt potentials
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Connector contacts are very important, both in terms of energy efficiency (when it comes to
high power), and in terms of reliability and security. In recent years, the copper alloy with
silver and / or gold is used, but other combinations of metals are to be explored [90.91]. So the
compromise between good electrical and mechanical properties, on the one hand, and
reasonable prices on the other is required.

Recent literature describes efforts devoted to investigation of copper based alloys in search of
improvements in strength and maintenance of strength at high temperatures. The copper-
silver alloy is an example of eutectic systems with the eutectic point at 779 oC when the alloy
contains 72 % silver and 28 % copper. On both sides of the phase diagram there is a small
solubility of the mentioned metals in each other. The maximum solubility of silver in copper
is 4.9 at% and the slope of the solvus line indicates the possibility of age-hardening certain
alloy compositions. Similar phenomenon - the strengthening of cold worked substitution solid
solutions upon annealing up to the re-crystallization temperature is termed anneal hardening.
The anneal hardening effect had been observed in Cu-Ag alloys in the annealing temperature
range of 140-400 oC, the hardness being increased with the degree of preformation [4,5]. The
goal of present work is to investigate corrosion behavior of this alloy obtained by fusion and
cast (so called ingot metallurgy - IM) method in different stages of synthesis and thermome‐
chanical treatment. Passivity of copper and its alloys is of interest with respect to basic and
applied research due to its wide application in industry. Silver-copper alloys have been
investigated elsewhere from the corrosion view point or as an electrode material, but the
content of silver in all this alloys overcomes 15 % [19-22].

2.5. Lighting and heating of EV

With the rapid development of high intesive LED technology, it enabled large savings in
energy consumption. That fact is crucial for EV. LED and power consumption of exterior
vehicle lighting indicated that an all-LED system employing the current generation of LEDs
would result in general power savings of about 50% (night time) to about 75% (daytime) over
a traditional system. This means that while the long-term fuel cost savings (money) were higher
for the gasoline-powered vehicle, long-term distance savings (range) favored the electric
vehicle. Now, automotive lighting producer Osram comes to strengthen the idea mentioned
above, stating that "micro-hybrids" or mild hybrids, which feature engine stop/start mecha‐
nisms to boost the efficiency of conventional vehicles, will benefit greatly from LED lighting
by reducing power draw and battery drain, as well as increasing light output during low power
mode and startups [23].

Today’s roads have very little actual technology incorporated into their design and func‐
tion. There are many types of technologies which could be incorporated, but we’ll begin
with what we say is  the most important new feature which will  soon be applied to ac‐
tual  roads.  Since  EVs  are  becoming  increasingly  popular,  while  their  batteries  are  still
much too weak to  assure an anxiety-free  drive on the highway,  the induction charging
(wireless)  will  begin  to  be  incorporated  into  one  of  the  lanes,  so  that  these  all-electric
cars will be able to drive on the highway without using their on-board batteries at all, as
they will  get  their  juice straight from underneath the road surface (fig.  10).  The idea of
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inductive charging is simple, and various companies and universities are testing the sys‐
tem now, in view of future mass implementation [23].

Figure 10. Road surface that charges batteries

Electric vehicles generate very little waste heat and resistance electric heat may have to be used
to heat the interior of the vehicle if heat generated from battery charging/discharging can not
be used to heat the interior. While heating can be simply provided with an electric resistance
heater, higher efficiency and integral cooling can be obtained with a reversible heat pump (this
is currently implemented in the hybrid Toyota Prius). Positive Temperature Coefficient (PTC)
junction cooling [24] is also attractive for its simplicity — this kind of system is used for example
in the Tesla Roadster.

Some electric cars, for example the Citroën Berlingo Electrique, use an auxiliary heating system
(for example gasoline-fueled units manufactured by Webasto or Eberspächer) but sacrifice
"green" and "Zero emissions" credentials. Cabin cooling can be augmented with solar power,
most simply and effectively by inducting outside air to avoid extreme heat buildup when the
vehicle is closed and parked in the sunlight (such cooling mechanisms are available as
aftermarket kits for conventional vehicles). Two models of the 2010 Toyota Prius include this
feature as an option [25].

3. Mechanical losses reduction in EV

3.1. Tyres role in EV

Large impact on the fuel consumption of the cars in general, has tires on its wheels. If the tire
optimization is done by the energy efficiency criteria, with acceptable stability, comfort and

Energy Efficiency of Electric Vehicles
http://dx.doi.org/10.5772/55237

107



Connector contacts are very important, both in terms of energy efficiency (when it comes to
high power), and in terms of reliability and security. In recent years, the copper alloy with
silver and / or gold is used, but other combinations of metals are to be explored [90.91]. So the
compromise between good electrical and mechanical properties, on the one hand, and
reasonable prices on the other is required.

Recent literature describes efforts devoted to investigation of copper based alloys in search of
improvements in strength and maintenance of strength at high temperatures. The copper-
silver alloy is an example of eutectic systems with the eutectic point at 779 oC when the alloy
contains 72 % silver and 28 % copper. On both sides of the phase diagram there is a small
solubility of the mentioned metals in each other. The maximum solubility of silver in copper
is 4.9 at% and the slope of the solvus line indicates the possibility of age-hardening certain
alloy compositions. Similar phenomenon - the strengthening of cold worked substitution solid
solutions upon annealing up to the re-crystallization temperature is termed anneal hardening.
The anneal hardening effect had been observed in Cu-Ag alloys in the annealing temperature
range of 140-400 oC, the hardness being increased with the degree of preformation [4,5]. The
goal of present work is to investigate corrosion behavior of this alloy obtained by fusion and
cast (so called ingot metallurgy - IM) method in different stages of synthesis and thermome‐
chanical treatment. Passivity of copper and its alloys is of interest with respect to basic and
applied research due to its wide application in industry. Silver-copper alloys have been
investigated elsewhere from the corrosion view point or as an electrode material, but the
content of silver in all this alloys overcomes 15 % [19-22].

2.5. Lighting and heating of EV

With the rapid development of high intesive LED technology, it enabled large savings in
energy consumption. That fact is crucial for EV. LED and power consumption of exterior
vehicle lighting indicated that an all-LED system employing the current generation of LEDs
would result in general power savings of about 50% (night time) to about 75% (daytime) over
a traditional system. This means that while the long-term fuel cost savings (money) were higher
for the gasoline-powered vehicle, long-term distance savings (range) favored the electric
vehicle. Now, automotive lighting producer Osram comes to strengthen the idea mentioned
above, stating that "micro-hybrids" or mild hybrids, which feature engine stop/start mecha‐
nisms to boost the efficiency of conventional vehicles, will benefit greatly from LED lighting
by reducing power draw and battery drain, as well as increasing light output during low power
mode and startups [23].

Today’s roads have very little actual technology incorporated into their design and func‐
tion. There are many types of technologies which could be incorporated, but we’ll begin
with what we say is  the most important new feature which will  soon be applied to ac‐
tual  roads.  Since  EVs  are  becoming  increasingly  popular,  while  their  batteries  are  still
much too weak to  assure an anxiety-free  drive on the highway,  the induction charging
(wireless)  will  begin  to  be  incorporated  into  one  of  the  lanes,  so  that  these  all-electric
cars will be able to drive on the highway without using their on-board batteries at all, as
they will  get  their  juice straight from underneath the road surface (fig.  10).  The idea of

New Generation of Electric Vehicles106

inductive charging is simple, and various companies and universities are testing the sys‐
tem now, in view of future mass implementation [23].

Figure 10. Road surface that charges batteries

Electric vehicles generate very little waste heat and resistance electric heat may have to be used
to heat the interior of the vehicle if heat generated from battery charging/discharging can not
be used to heat the interior. While heating can be simply provided with an electric resistance
heater, higher efficiency and integral cooling can be obtained with a reversible heat pump (this
is currently implemented in the hybrid Toyota Prius). Positive Temperature Coefficient (PTC)
junction cooling [24] is also attractive for its simplicity — this kind of system is used for example
in the Tesla Roadster.

Some electric cars, for example the Citroën Berlingo Electrique, use an auxiliary heating system
(for example gasoline-fueled units manufactured by Webasto or Eberspächer) but sacrifice
"green" and "Zero emissions" credentials. Cabin cooling can be augmented with solar power,
most simply and effectively by inducting outside air to avoid extreme heat buildup when the
vehicle is closed and parked in the sunlight (such cooling mechanisms are available as
aftermarket kits for conventional vehicles). Two models of the 2010 Toyota Prius include this
feature as an option [25].

3. Mechanical losses reduction in EV

3.1. Tyres role in EV

Large impact on the fuel consumption of the cars in general, has tires on its wheels. If the tire
optimization is done by the energy efficiency criteria, with acceptable stability, comfort and

Energy Efficiency of Electric Vehicles
http://dx.doi.org/10.5772/55237

107



durability, there is a wide range for development and research. One of the fine examples of
the intensive development in this field is racing cars. A modern racing car is a technical
masterpiece, but considering the development effort invested in aerodynamics, composite
construction and engines it is easy to forget that tyres are still a race car’s biggest single
performance variable. Average car with good tyres could do well, but it is very known fact
that the one with bad tyres, even the very best car did not stand a chance. Despite some genuine
technical crossover, race tyres and road tyres are - at best - distant cousins at the moment. An
ordinary car tyre is made with heavy steel-belted radial plies and designed for durability -
typically a life of 16,000 kilometers or more (10,000 miles). For example, a Formula One tyre is
designed to last for, at most, 200 kilometers and it is constructed to be as light and strong as
possible. That means an underlying nylon and polyester structure in a complicated weave
pattern designed to withstand far larger forces than road car tyres, in [26].

The racing tyre itself is constructed from very soft rubber compounds which offer the best
possible grip against the texture of the racetrack, but wear very quickly in the process. All
racing tyres work best at relatively high temperatures. For example, the dry 'grooved' tyres
used up until very recently were typically designed to function at between 90 degrees Celsius
and 110 degrees Celsius [103]. However, electric vehicles can benefit from the years of research
and usage of this kind of tyres. The development of the racing tyre came of age with the
appearance of 'slick' tyres in the 1960s. Teams and tyre makers realized that, by omitting a
tread pattern on dry weather tyres, the surface area of rubber in contact with the road could
be maximized. This led to the familiar sight of 'grooved' tyres, the regulations specifying that
all tyres had to have four continuous longitudinal grooves at least 2.5 mm deep and spaced
50mm apart. These changes created several new challenges for the tyre manufacturers - most
notably ensuring the grooves' integrity, which in turn limited the softness of rubber com‐
pounds that could be used, in reference [26].

The 'softness' or 'hardness' of rubber compounds is varied for each road according to the known
characteristics of the material that the road was made of. The actual softness of the tyre rubber
is varied by changes in the proportions of ingredients added to the rubber, of which the three
main ones are carbon, sulfur and oil. Generally speaking, the more oil in a tyre, the softer it
will be. Formula One tyres are normally filled with a special, nitrogen-rich air mixture,
designed to minimize variations in tyre pressure with temperature. The mixture also retains
the pressure longer than normal air would, in [26].

The key characteristics of the new rubber - developed together with the teams in response to
the latest aerodynamic regulations - are squarer profiles, increased grip, and softer, more
competitive compounds with consistent degradation, optimizing the compounds and profiles
to guarantee even better and more stable performance, a longer performance peak, combined
with the deliberate degradation that characterized, in [27].

This new measure, which should result in a reduction of aerodynamic down force acting on
each tyre, requires a wider and more even contact surface. This objective has been met by
having a less rounded shoulder on each tyre and using softer compounds, which produce
better grip and more extreme performance, in [27].
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Dry weather tyres, known as slicks, are characterized by a tread pattern that is devoid of blocks
or channels. Wet weather tyres are characterized by grooves in the tread pattern. The full wet
tyres can be easily recognized by the deep grooves in the tread pattern, in reference [28].

At this year’s Geneva International Motor Show, one of the tyre manufacturers Goodyear
unveils its latest innovation in tyre technology: an extremely low rolling resistance version of
its award winning Goodyear EfficientGrip summer tyre with Fuel Saving Technology –
specifically developed to fulfill the distinctive requirements of future electric vehicles, in [29].
The look of the tyre inside as well as of the tyre outside is presented in figure 11.

Figure 11. New Goodyear EfficientGrip summer tyre for EV.

The Goodyear EfficientGrip prototype tyre for electric vehicles delivers a range of benefits,
including top rated energy efficiency and excellent noise and wet braking performance levels
– in combination with Goodyear’s latest generation of RunOnFlat Technology for continued
mobility after a puncture or complete loss of tire pressure, in [29]. The design of the concept
tyre is uniquely suited to complement the performance requirements of electric vehicles. The
tyre’s narrow shape in combination with its large diameter leads to reduced rolling resistance
levels and to a reduced aerodynamic drag and thus reduced energy consumption.

Rolling resistance is mainly caused by the energy loss due to the deformation of the tyre during
driving. Less deformation means less energy loss and hence, less rolling resistance. Goodyear
engineers used the latest computer simulation technologies to analyze the tyre’s potential
deformation behavior during driving. The larger rim diameter reduces the overall amount of
rubber that is needed, which leads to less rubber deformation during driving. The large tyre
diameter requires fewer tire rotations for a certain distance, which in turn results in less heat
buildup and tire deformation, which again leads to lower rolling resistance levels and less
energy consumption, in [29].
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Electric engines often provide a relatively constant torque, even at very low speeds, which
increases the acceleration performance of an electric vehicle in comparison to a vehicle with a
similar internal combustion engine. This required the development of a modified tread design
in combination with a new tread compound to ensure excellent grip especially on dry, and to
provide high levels of mileage, in [29].

This EfficientGrip concept tyre showcases our enormous research and development efforts to
support the development of electric vehicles with tyres that provide extremely low rolling
resistance and noise levels in combination with a very high level of wet performance. Fitted
on a standard car this tyre would give 30 percent less rolling resistance which leads to about
6 percent less fuel consumption compared to an average standard summer tyre, in [29].

The effect of tyre pressure on either fuel consumption with regular cars or EV consump‐
tion  is  emphasized.  Some  researches  were  done  in  USA  in  the  last  few  years.  For  the
control  test,  the  pressure  was  set  at  the  factory  recommended 33  psi  in  each  tire.  The
subsequent test was done with the pressure set at  45 psi.  For each test,  the vehicle was
driven  a  total  of  550  miles  over  the  course  of  one  week  travelling  back  and  forth  be‐
tween the same two cities via the same route.  The fuel  tank was filled twice per week.
Measurement of the quantity of fuel used was taken from the readout on a gas pump at
each fill-up.  The number of  miles travelled was taken from the vehicle’s  trip odometer,
in  [190].  Results  showed that  during  the  control  period,  the  number  of  miles  travelled
per  gallon  of  gasoline  consumed  was  27.  With  the  tire  pressure  at  45  psi,  the  vehicle
travelled 30 miles per gallon of gasoline consumed; a difference of 11 percent, in [30].

3.2. Vehicle body

Automotive design and, specifically, the design of electric and hybrid-electric vehicles, involve
a variety of challenges that have to be considered by an appropriate design environment. The
convergence of more and more electronics with controls and mechanics makes the design
process very complex and involves a variety of technical disciplines. With the complex
interactions between the individual system parts, a disconnected consideration of each
individual domain is not sufficient anymore. Each individual domain requires specific
algorithms and modeling languages to achieve optimal performance for the analysis of that
specific domain. A single algorithm usually does not perform for all domains equally; therefore
the combination of different algorithms via co-simulation expands the design capabilities of
the system considerably (Fig. 12) [31].

In recent years simulation programs allow the optimization of vehicle body shapes from the
standpoint of energy efficiency. On the other hand, simulations and experiments in the wind
tunnel achieve significant energy savings by introducing air turbine, which inevitably airflow
into electricity.

3.3. Aerodynamics of EV

Moveable aerodynamic components are nothing new, every time you sit on an airliner you
see the wing flaps, ailerons moving around, and often as you come into land you can see the
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array of hydraulics employed to move them. The systems on a Formula 1 racing car work in
essentially the same way. Hydraulic tubes, rods and actuators. But whilst on an Airbus A320
or even a modern UAV or fighter jet there is a huge amount of space to work in, on a grand
prix car the opposite is true [32]. EV vehicles could benefit a lot from these technologies.

Figure 12. Multi-Domain Design

Racing drivers have a new tool at their disposal, called Drag Reduction System (DRS). It is
essentially an adjustable rear wing which can be used to facilitate overtaking. The flap is lifted
up at the front and pivots about a point at the trailing edge of the wing, so that in the event of
a failure, the flap will drop down into the default, high-down force position. Since the timing
loops will be sited after corners, drivers will only be able to deploy the active rear wing as a
car goes down a particular nominated straight [32].

The materials used in these systems also require great precision. Today in F1 it is mainly
titanium tube, though some of what we do involves peek mainly in the fuel system but
primarily titanium. Aluminum and stainless steel are also used. Titanium is favored for its
inherent lightness and strength, and it means that it is possible to make the cross section of the
material so much thinner than if you were using Aluminum. Over the time, the manufacturers
have learned to manipulate titanium tubing in ways, especially in small spaces, and the results
of that work will be on cars in the future [32].

This week a row has erupted over the design of two teams' diffusers, after the new Williams
and Toyota emerged sporting radically different diffuser designs to the other cars launched
so far. Williams came up with a 'double decker' diffuser design, while Toyota initially tested
an extension to the middle of their diffuser, and then later added a double decker section of
their own. Both these designs raised eyebrows up and down the pit lane, as they appear to
stretch the wording of the new rules. [33].
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As part of the 2009 package of aerodynamic rule changes designed to reduce down force and
increase overtaking, the FIA mandated a smaller diffuser in a more rearward position. With
the shock of losing 50 per cent of their down force because of these changes, teams have been
working hard to get the bodywork shaped to the new rules to regain the lost down force [33].

4. Additional energy in EV

4.1. Solar cells

Today, world recognizes the synergy between solar panels and electric cars. As the matter a
fact there are several car companies that plan to install solar panels in their newer hybrid
vehicles. The most important question for most of these manufacturers is: how much extra
power will a solar roof panel actually provide? It's very difficult to generate enough power to
move a vehicle with energy from the sun's light. So, solar panels at the moment don't have that
much of an impact on a hybrid and electric car's efficiency. Solar panels are also made out of
silicon, which is too expensive for automakers to use as a viable source [34].

However, there are companies such as Toyota, one of the pioneers in this field, which uses the
solar roof panel. Constant technology development will provide better conditions in years that
follow for this option. Nowadays, roof panel will power at least part of the hybrid Toyota Prius'
air-conditioning unit. Smaller, less power-hungry systems seem to work better with solar
power [34].

The most common type of solar panel uses single- or multi-crystalline silicon wafers. Creating
the silicon crystal is by far the most energy intensive part of the process, followed by various
and sundry manufacturing steps, such as cutting the silicon into wafers, turning the wafers
into cells and assembling the cells into modules [35].

The today’s electric vehicles consume about 150 watt-hours per kilometer. If the average
distance per day is 50 km, then it would be 18,250 kilometers per year. For this calculated
consumption, electric vehicle would need to generate 2.75 MWh/year. By this math, mono‐
crystalline solar panels generate about 263 kWh/m2 per year in the USA. Therefore, about 10.5
square meters of solar panels to completely offset the energy consumed by today’s electric
vehicles [35]. The only practical place to put panels on the Roadster is the roof (about 1 square
meter). Ideally, this would then generate 263 kWh/year. However, the Roadster won’t always
be in the sun, and it won’t be at its ideal angle. A 60% de-rating would be generous to account
for shade and suboptimal angles, so the panel would generate about 150 kWh/year – driving
the car an additional 3 kilometers per day [35].

However, there is possibility to put solar cells on the other part of the vehicle’s surface. The
surface from the vehicle’s nose, across the hoods, and all the way to the roof can be used for
solar cells as presented in figure 13. Also, technology development will without a doubt make
progress in increasing solar energy efficiency.
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Figure 13. Position of solar cells on the surface of the electric vehicle

4.2. Energy recovery systems

4.2.1. Kinetic energy recovery systems

A kinetic energy recovery system (KERS) is an automotive system for recovering a moving
vehicle's kinetic energy under braking. The recovered energy is stored in a reservoir (flywheel
or a battery or/and supercapacitor) for later use under acceleration. The device recovers the
kinetic energy that is present in the waste heat created by the car’s braking process. It stores
that energy and converts it into power that can be called upon to boost acceleration, in [36].

The concept of transferring the vehicle’s kinetic energy using flywheel energy storage was
postulated by physicist Richard Feynman in the 1950s. It is exemplified in complex high end
systems such as the Zytek, Flybrid, Torotrak and Xtrac used in F1 and simple, easily manu‐
factured and integrated differential based systems such as the Cambridge Passenger/Commer‐
cial Vehicle Kinetic Energy Recovery System (CPC-KERS), in [36].

Xtrac and Flybrid are both licensees of Torotrak's technologies, which employ a small and
sophisticated ancillary gearbox incorporating a continously variable transmission (CVT). The
CPC-KERS is similar as it also forms part of the driveline assembly. However, the whole
mechanism including the flywheel sits entirely in the vehicle’s hub (looking like a drum brake).
In the CPC-KERS, a differential replaces the CVT and transfers torque between the flywheel,
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drive wheel and road wheel [36]. KERS Technology is based on a completely new design
capable of accumulating power and keeping it in store for the right moment.

KERS Technology works like a turbo charger that provides additional power and acceleration
by stiffening the tail of the ski in outturns. The effect: a boost, catapulting the rider into the
next turn. Just like when Formula 1 pilots push a button for that extra notch of speed. KERS
Technology is an electronic, fully automatic and integrated system. Piezoelectric fibers
transform kinetic energy into electrical energy which is stored. Electrical energy is immediately
released to areas of the ski, where additional energy is requested. Timing and release are
automatically controlled and coordinated. Depending on the flex pattern of different ski
models, sensors are programmed beforehand: the more aggressive the ski has to be, the stiffer
the tail will become, in reference [37].

The key system features were:

• A flywheel made of steel and carbon fibre that rotated at over 60,000 RPM inside an
evacuated chamber

• The flywheel casing featured containment to avoid the escape of any debris in the unlikely
event of a flywheel failure

• The flywheel was connected to the transmission of the car on the output side of the gearbox
via several fixed ratios, a clutch and the CVT

• 60 kW power transmission in either storage or recovery

• 400 kJ of usable storage (after accounting for internal losses)

• A total system weight of 25 kg

• A total packaging volume of 13 litres, in reference [38]

There are principally two types of system - battery (electrical) and flywheel (mechanical).
Electrical systems use a motor-generator incorporated in the car’s transmission which converts
mechanical energy into electrical energy and vice versa. Once the energy has been harnessed,
it is stored in a battery and released when required. Mechanical systems capture braking
energy and use it to turn a small flywheel which can spin at up to 80,000 rpm. When extra
power is required, the flywheel is connected to the car’s rear wheels. In contrast to an electrical
KERS, the mechanical energy doesn’t change state and is therefore more efficient. There is one
other option available - hydraulic KERS, where braking energy is used to accumulate hydraulic
pressure which is then sent to the wheels when required, in [36,39].

The first of these systems to be revealed was the Flybrid. This system weighs 24 kg and has an
energy capacity of 400 kJ after allowing for internal losses. A maximum power boost of 60 kW
(81.6 PS, 80.4 HP) for 6.67 seconds is available. The 240 mm diameter flywheel weighs 5.0 kg
and revolves at up to 64,500 rpm. Maximum torque at the flywheel is 18 Nm, and the torque
at the gearbox connection is correspondingly higher for the change in speed. The system
occupies a volume of 13 liters, in [36].
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Nowadays, Formula One has stated that they support responsible solutions to the world's
environmental challenges and the FIA allowed the use of 60 kW KERS in the regulations for
the 2009 Formula One seasone. Teams began testing systems in 2008: energy can either be
stored as mechanical energy (as in a flywheel) or as electrical energy (as in a battery or
supercapacitors). As of 2014, in the race cars, the power capacity of the KERS units will increase
from 60 kilowatts to 120 kilowatts, in [106].

The aims for introducing KERS technology in the racing world are twofold. Firstly to promote
the development of environmentally friendly and road car-relevant technologies in Formula
One racing; and secondly to aid overtaking. A chasing driver can use his boost button to help
him pass the car in front, while the leading driver can use his boost button to escape. A typical
KERS system weighs from 25 to 35 kilograms, in [36,37,39]. For the relevance of the electric
vehicles, this energy can be used for supplementing the batteries of electrical engine and
thereby adding a few more kilometres to the driving distance at once.

Figure 14. Kinetic Energy Recovery System

Following the current situation, some solutions in KERS packaging has taken a step forwards.
Now the energy storage appears to be slightly revised, with the unit inside the gearbox
swapped for floor mounted units. The two carbon fiber cases are closed with aluminum tops
and are provided with electrical and cooling connections. They sit in the final section of flat
floor known as the boat tail, in [40].

Having the units placed on the floor, as opposed to between the gearbox and engine, means
they can lower the Centre of Gravity. Also being quite heavy they are placed near the rear axle
line to suit the mandatory weight distribution. As mentioned the units are supplied with a
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common cooling circuit, one pipe routes around the back of the floor to link the devices. There
are also a number of electrical connections for both connecting to the KERS Power Control
Unit and for monitoring their status. Quickly detachable connectors are used to allow rapid
removal of the floor keeping the units in place, in [40].

The future development appear to have found a new mounting position and format for their
KERS energy storage with what appear to be floor mounted super capacitors. Super Capacitors
(supercaps) are alternative energy storage to Lithium Ion batteries, using very much the same
technology as smaller capacitors used in electronics, in [40].

Typically current F1 cars use dozens of Li-ion cells packed into an array forming a ‘bat‐
tery’ pack. This KERS Battery Pack is commonly a single part sat under the fuel tank. Al‐
though often used as a single battery, the unit can be broken up into a set of batteries in
series. In 2011 Red Bull clearly split this part up into several smaller Battery Packs, there
being the two aforementioned units either of the gearbox and another in the gearbox. Al‐
though interconnecting these parts with cooling pipes, high current cable and sensor ca‐
bling  ads  some  weight,  this  does  provide  a  nicer  packaging  solution.  It’s  logical  to
explain these  new floor  mounted parts  as  batteries.  However  they do not  look like  the
battery packs seen in the gearbox last year, or on other cars. Being on the floor of the car
they are subject to even more danger from impacts as well as the heat and vibration that
caused issues last year, in [40]. The energy stored in a double-layer capacitor, is used to
supply power needed by vehicle electrical systems, in [36].

4.2.2. Waste heat energy recovery

In recent years, there has been active research on exhaust gas waste heat energy recovery for
automobiles. Meanwhile, the use of solar energy is also proposed to promote on-board
renewable energy and hence to improve their fuel economy. New research in thermoelectric-
photovoltaic hybrid energy systems are proposed and implemented for automobiles. The key
is to newly develop the power conditioning circuit using maximum power point tracking so
that the output power of the proposed hybrid energy system can be maximized. This experi‐
mental concept can be easily implemented in electric vehicles [41].

According to the recent studies, General Motors is using shape memory alloys that require as
little as a 10°C temperature difference to convert low-grade waste heat into mechanical energy.
When a stretched wire made of shape memory alloy is heated, it shrinks back to its pre-
stretched length. When the wire cools back down, it becomes more pliable and can revert to
its original stretched shape. This expansion and contraction can be used directly as mechanical
energy output or used to drive an electric generator. Shape memory alloy heat engines have
been around for decades, but the few devices that engineers have built were too complex,
required fluid baths, and had insufficient cycle life for practical use. Around 60% of all energy
in the U.S. is lost as waste heat; 90% of this waste heat is at temperatures less than 200°C and
termed low grade because of the inability of most heat-recovery technologies to operate
effectively in this range. The capture of low-grade waste heat, which turns excess thermal
energy into useable energy, has the potential to provide consumers with enormous energy
savings [42].
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For practical use, parts of automotive industry nowadays are working to create a prototype
that is practical for commercial applications and capable of operating with either air or fluid
based heat sources. GM’s shape memory alloy based heat engine is also designed for use in a
variety of non-vehicle applications. For example, it can be used to harvest non-vehicle heat
sources, such as domestic and industrial waste heat and natural geothermal heat, and in HVAC
systems and generators [43].

Thermal Energy Recovery Systems for better fuel efficiency proposes solutions for fuel
economy and lower CO2-emissions on combustion engines by making use of their exhaust
waste heat. This fuel economy is accessible for engines running on gasoline, diesel, bio fuels,
hydrogen or any other type of fuel. This solution proposes high power density for mobile
applications and rugged solutions for power generation and marine applications, also being
recognized by the motorsport world as an important technology for the future in racing and
finally a technology that will contribute to the development of electric vehicle [43].

Plug-in hybrid electric vehicles are already noted for their environmental advantages and fuel
savings – but now a new breakthrough technology could mean their fuel economy is boosted
by a further seven per cent [44]. Most vehicle waste heat recovery systems that are currently
being developed utilize a thermoelectric converter to create electricity, as the name implies,
directly from heat. These devices depend on a unique property of certain materials which result
in the Seeback effect, discovered in 1821, where the application of heat produces an electric
current. The devices have no moving parts. You could think of them as similar to photovoltaic
cells, except that they respond to heat rather than light [45].

An effective waste recovery system requires three elements:

1. a thermoelectric material package

2. an electric power management system, which directs the electricity injected into the
vehicle’s electrical system to the place where it will do the most good at any given time

3. a thermal management system, which is essentially a sophisticated heat exchanger [45]

Some other systems in hybrid electric vehicles reduce fuel consumption by replacing a
significant portion of the required electric power normally produced by the alternator with
electric power produced from exhaust gas waste heat conversion to electricity in a Thermo‐
electric Generator Module [46].

4.3. Airflow

It was previously mentioned that vehicle body can be designed to reduce downforce and
otherwise adverse airflow. Some of the possibilities are presented here.

During forward motion of an electrically-powered vehicle, air is captured at the front of the
vehicle and channeled to one or more turbines. The air from the turbines is discharged at low
pressure regions on the sides and/or rear of the vehicle. The motive power of the air rotates
the turbines, which are rotatable engaged with a generator to produce electrical energy that is
used to recharge batteries that power the vehicle. The generator is rotatable engaged with a
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common cooling circuit, one pipe routes around the back of the floor to link the devices. There
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effectively in this range. The capture of low-grade waste heat, which turns excess thermal
energy into useable energy, has the potential to provide consumers with enormous energy
savings [42].
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flywheel for storing mechanical energy while the vehicle is in forward motion. When the
vehicle slows or stops, the flywheel releases its stored energy to the generators, thereby
enabling the generator to continue recharging the batteries. The flywheel enables the genera‐
tors to provide a more stable and continuous current flow for recharging the batteries [47].

It is assumed that the vehicle is moving in a calm and steady wind stream with zero wind
velocity. If the vehicle is moving at a constant speed of 15 m/s (54 km/h), then we can think a
wind stream with15 m/s is flowing around the vehicle. Normally this wind will cause a drag
force which is opposite to the direction of the propulsion of the vehicle. At constant speed (zero
acceleration) the energy requirements to move the vehicle forward are –To overcome the
frictional force (rolling resistance of road) and to overcome wind resistance [48]. At this
Condition, if the air stream flowing around the vehicle (which was not interacting with the
vehicle previously) is allowed to enter inside and let it flow down to the rear side; then it may
be possible to use these air streams to generate power. The vehicle has already interacted with
this wind and it d eflects the stream of wind at the two sides of it by stagnation at the front.

This is the energy that had been lost from the vehicle to overcome the aerodynamic resistant.
Now if these stream generated by the interaction of the wind and vehicle is captured within
the vehicle in such a way that it would not impose an additional drag at the direction of
propulsion of the vehicle, some of the energy can be recovered and fed back to the battery by
means of conventional energy conversion processes. Placing a wind turbine can serve the
purpose. At the same time it will help to increase the pressure at the back side (according to
Bernoulli’s equation pressure will be increased if velocity is decreased and velocity will be
reduced at the back side of the turbine after energy extraction) which will reduce the drag force
that existed before with the conventional design of the vehicle. So, vortex shedding will be
reduced at the rear side. For this it is necessary to modify the design of a vehicle which gives
provision of air flow through the vehicle. On the other hand positioning of the turbines will
also be important because they must be placed in such a way that they do not impose or create
any additional drag on the vehicle. Symmetrical positioning of the turbine can do t he trick as
the thrust acting on the turbines will cancel each other (Fig. 15) [49].

Figure 15. Charging and control circuit of the battery
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4.4. Hybrid electric vehicle

Generally, hybrid vehicles could be described as vehicles using combination of technologies
for energy production and storage. Two types of the vehicles are in consideration – so called
parallel and linear hybrids. Parallel type possesses mechanical connection between power
generator and drive wheels, while in linear one such connection does not exist. Serial hybrids
have significant advantages in relation to parallel ones because of their mechanical simplicity,
design flexibility and possibility for simple incorporation of new technologies [1].

Hybrid electric vehicles (HEVs) combine the internal combustion engine of a conventional
vehicle with the high-voltage battery and electric motor of an electric vehicle. As a result, HEVs
can achieve twice the fuel economy of conventional vehicles (Fig. 1). In combination, these
attributes offer consumers the extended range and rapid refueling they expect from a conven‐
tional vehicle, as well as much of the energy and environmental benefits of an electric vehicle.
HEVs are inherently flexible, so they can be used in a wide range of applications — from
personal transportation to commercial hauling. Hybrid electric vehicles have several advan‐
tages over conventional vehicles:

• Greater operating efficiency because HEVs use regenerative braking, which helps to
minimize energy loss and recover the energy used to slow down or stop a vehicle;

• Lighter engines because HEV engines can be sized to accommodate average load, not peak
load, which reduces the engine's weight;

• Greater fuel efficiency because hybrids consume significantly less fuel than vehicles
powered by gasoline alone;

• Cleaner operation because HEVs can run on alternative fuels (which have lower emissions),
thereby decreasing our dependency on fossil fuels (which helps ensure our national
security); and

• Lighter vehicle weight overall because special lightweight materials are used in their
manufacture.

Hybrid electric vehicles are becoming cost-competitive with similar conventional vehicles, and
most of the cost premium can be offset by overall fuel savings and tax incentives. Some states
even offer incentives to consumers buying HEVs [50].

4.5. Today’s high-speed EV

Nowadays, the most powerful high-performance electric vehicle has four electric motors
producing a total output of 552 kW and a maximum torque of 1000 Nm. As a result, the
gullwing model has become the world's fastest electrically-powered series production vehicle
accelerates from zero to 100 km/h in 3.9 seconds [51].

Enormous  thrust  comes  courtesy  of  four  synchronous  electric  motors  providing a  com‐
bined maximum output of  552 kW and maximum torque of 1000 Nm. The very special
gullwing model  accelerates  from zero  to  100  km/h in  3.9  seconds,  and can reach a  top
speed of  250 km/h (electronically limited).  The agile response to accelerator pedal input
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Generally, hybrid vehicles could be described as vehicles using combination of technologies
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parallel and linear hybrids. Parallel type possesses mechanical connection between power
generator and drive wheels, while in linear one such connection does not exist. Serial hybrids
have significant advantages in relation to parallel ones because of their mechanical simplicity,
design flexibility and possibility for simple incorporation of new technologies [1].

Hybrid electric vehicles (HEVs) combine the internal combustion engine of a conventional
vehicle with the high-voltage battery and electric motor of an electric vehicle. As a result, HEVs
can achieve twice the fuel economy of conventional vehicles (Fig. 1). In combination, these
attributes offer consumers the extended range and rapid refueling they expect from a conven‐
tional vehicle, as well as much of the energy and environmental benefits of an electric vehicle.
HEVs are inherently flexible, so they can be used in a wide range of applications — from
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powered by gasoline alone;
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thereby decreasing our dependency on fossil fuels (which helps ensure our national
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accelerates from zero to 100 km/h in 3.9 seconds [51].

Enormous  thrust  comes  courtesy  of  four  synchronous  electric  motors  providing a  com‐
bined maximum output of  552 kW and maximum torque of 1000 Nm. The very special
gullwing model  accelerates  from zero  to  100  km/h in  3.9  seconds,  and can reach a  top
speed of  250 km/h (electronically limited).  The agile response to accelerator pedal input

Energy Efficiency of Electric Vehicles
http://dx.doi.org/10.5772/55237

119



and the linear power output provide pure excitement: unlike with a combustion engine,
the build-up of torque is instantaneous with electric motors – maximum torque is effec‐
tively  available  from  a  standstill.  The  spontaneous  build-up  of  torque  and  the  forceful
power delivery without any interruption of tractive power are combined with completely
vibration-free engine running characteristics [51].

The four compact permanent-magnet synchronous electric motors, each weighing 45 kg,
achieve a maximum individual speed of 13,000 rpm and in each case drive the 4 wheels
selectively via a axially-arranged transmission design. This enables the unique distribution of
torque to individual wheels, which would normally only be possible with wheel hub motors
which have the disadvantage of generating considerable unsprung masses [51].

Battery efficiency, performance and weight are by far the most important factors in electric
vehicles. The high-voltage battery in the current high-performance electric vehicles boasts an
energy content of 60 kWh, an electric load potential of 600 kW and weighs 548 kg – all of which
are absolute best values in the automotive sector. The liquid-cooled lithium-ion high-voltage
battery features a modular design and a maximum voltage of 400 V. Advanced technology
and know-how from the world of Formula 1 have been called on during both the development
and production stages [51].

The high-voltage battery consists of 12 modules each comprising 72 lithium-ion cells. This
optimized arrangement of a total of 864 cells has benefits not only in terms of best use of the
installation space, but also in terms of performance. One technical feature is the intelligent

Figure 16. HEV
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parallel circuit of the individual battery modules – this helps to maximize the safety, reliability
and service life of the battery. As in Formula 1, the battery is charged by means of targeted
recuperation during deceleration whilst the car is being driven [51].

A high-performance electronic control system converts the direct current from the high-
voltage battery into the three-phase alternating current which is required for the synchronous
motors and regulates the energy flow for all operating conditions. Two low-temperature
cooling circuits ensure that the four electric motors and the power electronics are maintained
at an even operating temperature. A separate low-temperature circuit is responsible for cooling
the high-voltage lithium-ion battery. In low external temperatures, the battery is quickly
brought up to optimum operating temperature with the aid of an electric heating element. In
extremely high external temperatures, the cooling circuit for the battery can be additionally
boosted with the aid of the air conditioning. This also helps to preserve the overall service life
of the battery system [51].

Ideally the EV is charged with the aid of wall box. As it could be installed in a home garage,
this technology provides a 22 kW quick-charge function, which is the same as the charging
performance available at a public charging station. A high-voltage power cable is used to
connect the vehicle to the wall box, and enables charging to take place in around three hours.
Charging takes around 20 hours without the wall box [51].

To ensure maximum safety, the SLS AMG Coupé Electric Drive, one of the most advanced
high-performance EV today, makes use of an eight-stage safety design. This comprises the
following features:

• All high-voltage cables are color-coded in orange to prevent confusion

• Comprehensive contact protection for the entire high-voltage system

• The lithium-ion battery is liquid-cooled and accommodated in high-strength aluminium
housing within the carbon-fibre zero-intrusion cell

• Conductive separation of the high-voltage and low-voltage networks within the vehicle and
integration of an interlock switch

• Active and passive discharging of the high-voltage system when the ignition is switched to
"off"

• In the event of an accident, the high-voltage system is switched off within fractions of a
second

• Continuous monitoring of the high-voltage system for short circuits with potential com‐
pensation and insulation monitors

• Redundant monitoring function for the all-wheel drive system with torque control for
individual wheels, via several control units using a variety of software

By using this design, EV manufacturers ensures maximum safety during production of the
vehicle and also during maintenance and repair work [51].
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brought up to optimum operating temperature with the aid of an electric heating element. In
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of the battery system [51].
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performance available at a public charging station. A high-voltage power cable is used to
connect the vehicle to the wall box, and enables charging to take place in around three hours.
Charging takes around 20 hours without the wall box [51].

To ensure maximum safety, the SLS AMG Coupé Electric Drive, one of the most advanced
high-performance EV today, makes use of an eight-stage safety design. This comprises the
following features:

• All high-voltage cables are color-coded in orange to prevent confusion

• Comprehensive contact protection for the entire high-voltage system

• The lithium-ion battery is liquid-cooled and accommodated in high-strength aluminium
housing within the carbon-fibre zero-intrusion cell
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integration of an interlock switch

• Active and passive discharging of the high-voltage system when the ignition is switched to
"off"

• In the event of an accident, the high-voltage system is switched off within fractions of a
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• Continuous monitoring of the high-voltage system for short circuits with potential com‐
pensation and insulation monitors

• Redundant monitoring function for the all-wheel drive system with torque control for
individual wheels, via several control units using a variety of software

By using this design, EV manufacturers ensures maximum safety during production of the
vehicle and also during maintenance and repair work [51].
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The intelligent and permanent all-wheel drive concept, with four motors for four wheels
guarantees driving dynamics at the highest level, while at the same time providing the best
possible active safety. Optimum traction of the four driven wheels is therefore ensured,
whatever the weather conditions. According to the developers, the term "Torque Dynamics"
refers to individual control of the electric motors, something which enables completely new
levels of freedom to be achieved. The AMG Torque Dynamics feature is permanently active
and allows for selective distribution of forces for each individual wheel. The intelligent
distribution of drive torque greatly benefits driving dynamics, handling, driving safety and
ride comfort. Each individual wheel can be both electrically driven and electrically braked,
depending on the driving conditions, thus helping to:

• optimize the vehicle's cornering properties

• reduce the tendency to over steer/under steer

• increase the yaw damping of the basic vehicle

• reduce the steering effort and steering angle required

• increase traction

AMG Torque Dynamics system enables optimum use of the adhesion potential between the
tires and the road surface in all driving conditions. The technology allows maximum levels of
freedom and as such optimum use of the critical limits of the vehicle's driving dynamics [51].

The trailblazing body shell structure of the SLS AMG Coupé Electric Drive is part of the
ambitious "AMG Lightweight Performance" design strategy. The battery is located within a
carbon-fiber monocoque which forms an integral part of the gullwing model and acts as its
"spine". The monocoque housing is firmly bolted and bonded to the aluminum space frame
body. The fiber composite materials have their roots in the world of Formula 1, among other
areas. The advantages of CFRP (carbon-fiber reinforced plastic) were exploited by the Mer‐
cedes-AMG engineers in the design of the monocoque. These include their high strength,
which makes it possible to create extremely rigid structures in terms of torsion and bending,
excellent crash performance and low weight. Carbon-fiber components are up to 50 percent
lighter than comparable steel ones, yet retain the same level of stability. Compared with
aluminum, the weight saving is still around 30 percent, while the material is considerably
thinner. The weight advantages achieved through the carbon-fiber battery monocoque are
reflected in the agility of the electric vehicle and, in conjunction with the wheel-selective four-
wheel drive system, ensure true driving enjoyment. The carbon-fiber battery monocoque is,
in addition, conceived as a "zero intrusion cell" in order to meet the very highest expectations
in terms of crash safety. It protects the battery modules inside the vehicle from deformation
or damage in the event of a crash [51].

The basis for CFRP construction is provided by fine carbon fibers, ten times thinner than a
human hair. A length of this innovative fiber reaching from here to the moon would weigh a
mere 25 grams. Between 1000 and 24,000 of these fibers are used to form individual strands [51].

The purely electric drive system was factored into the equation as early as the concept phase
when the super sports car was being developed. It is ideally packaged for the integration of
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the high-performance, zero-emission technology: by way of example, the four electric motors
and the two transmissions can be positioned as close to the four wheels as possible and very
low down in the vehicle. The same applies to the modular high-voltage battery. Advantages
of this solution include the vehicle's low center of gravity and balanced weight distribution –
ideal conditions for optimum handling, which the electrically-powered gullwing model shares
with its petrol-driven sister model. Another distinguishing feature is the speed-sensitive
power steering with rack-and-pinion steering gear: the power assistance is implemented
electro hydraulically rather than just hydraulically [51].

The high-performance ceramic composite brakes are used in the latest electrical vehicles, which
boast direct brake response, a precise actuation point and outstanding fade resistance, even in
extreme operating conditions. The over-sized discs – measuring 402 x 39 mm at the front and
360 x 32 mm at the rear – are made of carbon fiber-strengthened ceramic, feature an integral
design all round and are connected to an aluminum bowl in a radially floating arrangement.
The ceramic brake discs are 40 percent lighter in weight than the conventional, grey cast iron
brake discs. The reduction in unsprung masses not only improves handling dynamics and
agility, but also rides comfort and tire grip. The lower rotating masses at the front axle also
ensure a more direct steering response – which is particularly noticeable when taking motor‐
way bends at high speed [51].

Figure 17. Today’s high-speed EV system

5. Driving optimization

5.1. Comfort, information and safety

Minimizing electricity consumption is often in conflict with comfort and even security of
vehicles and people. That's why new technologies are being used to increase safety and
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The intelligent and permanent all-wheel drive concept, with four motors for four wheels
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tires and the road surface in all driving conditions. The technology allows maximum levels of
freedom and as such optimum use of the critical limits of the vehicle's driving dynamics [51].

The trailblazing body shell structure of the SLS AMG Coupé Electric Drive is part of the
ambitious "AMG Lightweight Performance" design strategy. The battery is located within a
carbon-fiber monocoque which forms an integral part of the gullwing model and acts as its
"spine". The monocoque housing is firmly bolted and bonded to the aluminum space frame
body. The fiber composite materials have their roots in the world of Formula 1, among other
areas. The advantages of CFRP (carbon-fiber reinforced plastic) were exploited by the Mer‐
cedes-AMG engineers in the design of the monocoque. These include their high strength,
which makes it possible to create extremely rigid structures in terms of torsion and bending,
excellent crash performance and low weight. Carbon-fiber components are up to 50 percent
lighter than comparable steel ones, yet retain the same level of stability. Compared with
aluminum, the weight saving is still around 30 percent, while the material is considerably
thinner. The weight advantages achieved through the carbon-fiber battery monocoque are
reflected in the agility of the electric vehicle and, in conjunction with the wheel-selective four-
wheel drive system, ensure true driving enjoyment. The carbon-fiber battery monocoque is,
in addition, conceived as a "zero intrusion cell" in order to meet the very highest expectations
in terms of crash safety. It protects the battery modules inside the vehicle from deformation
or damage in the event of a crash [51].

The basis for CFRP construction is provided by fine carbon fibers, ten times thinner than a
human hair. A length of this innovative fiber reaching from here to the moon would weigh a
mere 25 grams. Between 1000 and 24,000 of these fibers are used to form individual strands [51].

The purely electric drive system was factored into the equation as early as the concept phase
when the super sports car was being developed. It is ideally packaged for the integration of
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the high-performance, zero-emission technology: by way of example, the four electric motors
and the two transmissions can be positioned as close to the four wheels as possible and very
low down in the vehicle. The same applies to the modular high-voltage battery. Advantages
of this solution include the vehicle's low center of gravity and balanced weight distribution –
ideal conditions for optimum handling, which the electrically-powered gullwing model shares
with its petrol-driven sister model. Another distinguishing feature is the speed-sensitive
power steering with rack-and-pinion steering gear: the power assistance is implemented
electro hydraulically rather than just hydraulically [51].

The high-performance ceramic composite brakes are used in the latest electrical vehicles, which
boast direct brake response, a precise actuation point and outstanding fade resistance, even in
extreme operating conditions. The over-sized discs – measuring 402 x 39 mm at the front and
360 x 32 mm at the rear – are made of carbon fiber-strengthened ceramic, feature an integral
design all round and are connected to an aluminum bowl in a radially floating arrangement.
The ceramic brake discs are 40 percent lighter in weight than the conventional, grey cast iron
brake discs. The reduction in unsprung masses not only improves handling dynamics and
agility, but also rides comfort and tire grip. The lower rotating masses at the front axle also
ensure a more direct steering response – which is particularly noticeable when taking motor‐
way bends at high speed [51].

Figure 17. Today’s high-speed EV system

5. Driving optimization

5.1. Comfort, information and safety

Minimizing electricity consumption is often in conflict with comfort and even security of
vehicles and people. That's why new technologies are being used to increase safety and
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comfort, and still energy consumption to be on a low level. Some of the current opportunities
and trends are presented in here.

5.1.1. Computer control

Nowadays, computers are indispensable part of every vehicle. It monitors and controls
virtually all vehicle functions, but also processed and displayed a lot of additional information,
which significantly contributes to the comfort and safety. In EV that trend is particularly used.
The vehicle is equipped with sensors that provide input data and further processed in a
computer. The obtained results act on actuators, or the situation is shown on the display and
the decision is left to the man [52-53].

Sensors are elements that receive and convert non-electrical signals into electrical. Tempera‐
ture shift (translation, rotation, stretching), pressure, brightness, electromagnetic radiation,
magnetic fields can be detected and can be converted. The temperature is the most usually
measured as the non-electrical input, therefore many types of sensors are developed over the
years. There are NTC (Negative Temperature Coefficient) and PTC (Positive Temperature
Coefficient) resistors and thermocouples [52-54].

In modern vehicle, for the measurement of ambient temperature, cabin and equipment itself,
semiconductor sensors are used. They are the product of modern technology of silicon (Si)
integrated circuits, therefore also called Si sensors. Silicon sensors consist of integrated circuits
using temperature-active properties of semiconductor compounds. All sensors can be with
current or voltage output. In both cases, the output signal is proportional to the absolute
temperature. The amplitude of the output signal is relatively high and linear, and the inter‐
pretation of the signals can be done without any difficulties. Si sensors temperature range
usually is from -50 ° C to +150 ° C. The stability and accuracy of these sensors is good enough
to allow readings with ± 0.1 ° C resolution. Thermal imager is used for more complex state
visual monitoring used the [55].

For the measurement of other important physical quantities (pressure, force, position,
displacement and level), sensors that respond to physical movement and / or movement are
used. The most commonly used types are semiconductors and resistant strain gauges, linear
voltage displacement transducers (LVDT), resistive potentiometers and capacitive sensors.
Although each of these sensors is based on different principles, the output signals of all the
sensors are voltage, current and impedance. These signals are directly or indirectly analog
voltage expressed, so all the techniques described for the measurement are related to these
transducers. Sensors that require external excitation reduce the accuracy of the measurement.
Higher excitation levels provide higher levels of the output. However, the higher excitation
increases internal power dissipation and measurement error, even with mechanical transduc‐
ers. Each transducer has its own optimal level of excitation [54].

Flow and velocity quantities are measured using resistive, piezoelectric, thermal, and other
transducers. As mentioned earlier, all methods ultimately provide as output an analog voltage,
current, or impedance. Types of transducers, such as rotary encoders, turbine, magnetic and
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optical sensors, have digital or pulse outputs. Speed or number of events can be determined
by using digital counters and frequency meter [54,56,57].

Two-way communication between humans and computers is done through the touch screen
display. Touch screen allows user to interact with a computer through touching the mark and
the image on the screen. It is a visual electronic device that can sense touch and determine its
location on the surface. The touch itself means contact between human fingers and the screen.
The touch screen can also register contact other passive objects, such as special pens, styluses
(used for greater precision and less contaminating the screen). Ability to register touch on the
touch screen display depends on the implemented touch technology: ones can register just one
touch and its position at a given time (single touch), others are capable of registering two or
more simultaneous touch and their position on the screen (multi-touch).

Touch screen displays eliminate constraints on a number of discrete keys that are present in
conventional membrane keypad. With a touch screen, combined with digital high-resolution
display and integrated software[58-59], now there are virtually millions of switching options
available for the user.

In commercial terms, touch screen displays, as devices with touch technology, make computer
technology easy to use and accessible to all and also significantly to reduce time and cost of
training of its use. They also provide much faster access to information as touch technology
simplifies and speeds up the search process, which is crucial to driving. As an assembly that
is mounted in front of a video display, touch screen display has an independent XY coordinate
system that is calibrated according to the matrix display. To determine the location of the touch
in the simplest implementation it requires two measurements, one to determine the coordi‐
nates of the X-axis and one to determine the coordinates of the Y axis. These measurements
are then converted to the coordinates of the point of contact, which is then sent to the host (PC
or microcontroller) via serial communication port [60]. A typical example of the application of
TS and microprocessor technology is a GPS navigation system (Fig. 18) [61].

An example of a complete computer in a hermetically closed housing is shown in Fig. 19.
Nexcom Company has released transport intended fanless computer - VTC-3300, for vehicles
and fleet management [62].

5.1.2. Fire protection in EV

EV and HEV in particular have a lot of critical areas where it can get to the inception of fire.
This requires a vehicle equipped elements of fire protection.

Central unit for fire detection and fire alarm, or as it is often called central unit for fire detection
and its task is to power supply detectors and detection lines with stable and regulated supply
voltage, which should be available in all expected operational situations, able to take a normal
signal status, alarm status, interception line signal or removing the detector signal, short circuit
signal, to signalize received state at the central unit and to forward signal to the sound and
light devices and to ensure that the executive functions of the system that are required. Alarm
indication at the control unit can turn on the respective light emitting diodes, or additional
information through the display, but also by activating an internal audible alarm, buzzer or
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the image on the screen. It is a visual electronic device that can sense touch and determine its
location on the surface. The touch itself means contact between human fingers and the screen.
The touch screen can also register contact other passive objects, such as special pens, styluses
(used for greater precision and less contaminating the screen). Ability to register touch on the
touch screen display depends on the implemented touch technology: ones can register just one
touch and its position at a given time (single touch), others are capable of registering two or
more simultaneous touch and their position on the screen (multi-touch).

Touch screen displays eliminate constraints on a number of discrete keys that are present in
conventional membrane keypad. With a touch screen, combined with digital high-resolution
display and integrated software[58-59], now there are virtually millions of switching options
available for the user.

In commercial terms, touch screen displays, as devices with touch technology, make computer
technology easy to use and accessible to all and also significantly to reduce time and cost of
training of its use. They also provide much faster access to information as touch technology
simplifies and speeds up the search process, which is crucial to driving. As an assembly that
is mounted in front of a video display, touch screen display has an independent XY coordinate
system that is calibrated according to the matrix display. To determine the location of the touch
in the simplest implementation it requires two measurements, one to determine the coordi‐
nates of the X-axis and one to determine the coordinates of the Y axis. These measurements
are then converted to the coordinates of the point of contact, which is then sent to the host (PC
or microcontroller) via serial communication port [60]. A typical example of the application of
TS and microprocessor technology is a GPS navigation system (Fig. 18) [61].

An example of a complete computer in a hermetically closed housing is shown in Fig. 19.
Nexcom Company has released transport intended fanless computer - VTC-3300, for vehicles
and fleet management [62].

5.1.2. Fire protection in EV

EV and HEV in particular have a lot of critical areas where it can get to the inception of fire.
This requires a vehicle equipped elements of fire protection.

Central unit for fire detection and fire alarm, or as it is often called central unit for fire detection
and its task is to power supply detectors and detection lines with stable and regulated supply
voltage, which should be available in all expected operational situations, able to take a normal
signal status, alarm status, interception line signal or removing the detector signal, short circuit
signal, to signalize received state at the central unit and to forward signal to the sound and
light devices and to ensure that the executive functions of the system that are required. Alarm
indication at the control unit can turn on the respective light emitting diodes, or additional
information through the display, but also by activating an internal audible alarm, buzzer or
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horn. Today, the central fire protection unit connects to the computer, or it is incorporated as
software in the computer system.

In addition to the central unit detection system must include detectors, alarms and detection
and alarm lines, also the connections to the device that activates the sound and / or light alarms
and executive functions. Network that connects the detection system elements is performed
mainly by cables and its careful design and selection are essential to the quality, safety and
value rationality of the system.

While in conventional systems alarm identification is with group of detectors, central unit and
the person that receives information about the group (zone) that alarm is on, however with
addressable system each detector gets its code (address) that identifies and tells to the central

Figure 18. GPS navigation system

Figure 19. Complete computer in a hermetically closed housing
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unit and to the present stuff its state. So the group identification alarm systems, the central
unit receive information from a group of detectors (zones) of the alarm or some other event.
Event means any change of state of the zone, such as an alarm, a signal failure, signal extraction
detectors, fine lines and so on. Whereas in these systems, after the alarm of any zone a person
in charge comes to the site, review of the protected object and determines the place where the
alarm originated, the addressable system has been known for the receipt of alarms and place
of origin, the detector that is in alarm state and the place where it is placed [54].

5.1.3. IR termography

IR thermography is a highly sophisticated measuring technique whose beginnings of extensive
using coincide with the beginning of the third millennium. The reasons for this can be found
in the fact that the thermography camera as a device that provides a visualization of thermal
radiation would have to be consisting of many of the latest developments in science so that
they become commercially available and easy to use. Very high breakthroughs in the field of
sensors, thin films, optoelectronics, microelectronics and microcomputers are integrated and
incorporated into these modern devices adapting them to the requirements of users in almost
all areas of human activity.

The word thermography (literally, it would mean see the heat) explains the essence of this
concept. Specifically, the point is that the appropriate devices (cameras) translate waves from
the infrared region into a selected color of the visible part of the electromagnetic spectrum
making them visible to the human eye. Different temperatures at the same time correspond to
different colors and shades of colors and it is possible even to choose the color palette in which
we want to show the resulting temperature map of the object [55, 63,64]. In modern vehicles
is incorporated one or more thermography imagers and monitors the state of driver, equip‐
ment, or danger on the road in case of low visibility.

Camera which recorded persons in certain position is fixed, for example in front of mirror.
Functionality of system is observed and recorded images were compared with literature data.
Especially, it was taken care of record conditions: day-time record, time of taking drugs or
active substance (coffee, alcohol, tea), room temperature, personal conditions such as emo‐
tions, satiety, hunger and physical activity. It was found that in normal conditions temperature
in ocular region of healthy person does not exceed 36.3oC. In case of fever it is significantly
higher. Thermograms of healthy person before and after vigorous physical activities show also
the temperature changes in means of increase (fig. 20)[65].

The fact that thermography can detect very small differences in temperature gives the ability
to detect the presence of persons (fig. 21), or animals (fig. 22) at night or in conditions of
dense fog. Thermal detectors can function in the complete absence of any light. This makes
them the perfect tool for observation in absolute darkness. Potential danger on the road in
such conditions can be detected at a distance of 400 m for some systems, up to several kilo‐
meters, depending on the equipment and requirements.
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Camera which recorded persons in certain position is fixed, for example in front of mirror.
Functionality of system is observed and recorded images were compared with literature data.
Especially, it was taken care of record conditions: day-time record, time of taking drugs or
active substance (coffee, alcohol, tea), room temperature, personal conditions such as emo‐
tions, satiety, hunger and physical activity. It was found that in normal conditions temperature
in ocular region of healthy person does not exceed 36.3oC. In case of fever it is significantly
higher. Thermograms of healthy person before and after vigorous physical activities show also
the temperature changes in means of increase (fig. 20)[65].

The fact that thermography can detect very small differences in temperature gives the ability
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dense fog. Thermal detectors can function in the complete absence of any light. This makes
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Figure 20. Thermogram of driver

Figure 21. Thermogram of persons on the road

5.2. Route

Route optimization (RO) is an important feature of the Electric Vehicles which is responsible
for finding optimized paths between any source and destination nodes in the road network.
Recent researches perform the RO for EV using the Multi Constrained Optimal Path
(MCOP) problem. The proposed MCOP problem aims to minimize the length of the path
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and meets constraints on total travelling time, total time delay due to signals, total recharg‐
ing time, and total recharging cost. The proposed algorithms need to have innovative meth‐
ods for finding the velocity of the particles and updating their positions with accurate
database of the requested roads[66-67].

Figure 22. Thermogram of animal on the road

6. Conclusion

Electric drive vehicles are one of the most advanced vehicles at the moment taking into account
contamination of environment. Lately there is an increased interest in the world for hybrid
vehicles that have smaller fuel consumption and substantially less contamination emission
footprint. Hybrid vehicles in most general terms can be described as vehicles comprising
combination of energy producing and storing.

In this chapter, possibilities of energy savings in EV and HEV, energy generating in the vehicle
itself and measures to improve comfort and safety are presented.

Therefore they must be combined with supercapacitors. Beside the development of standard
technologies, development of power supply is crucial for EV. Accumulator batteries and fuel
cells still have not reached the level to obscure enough for autonomy and meet the dynamic
characteristics of vehicles. Supercapacitors are only available technology today that can
provide high power and great cycle numbers at acceptable price. Supercapacitors have other
properties that makes them interesting in hybrid vehicles, and it’s ability of complete regen‐
eration of energy of braking (so called regenerative braking), which increases energy efficiency,
no special maintenance needed, great utilization of electric energy, small toxicity and easy
storage after use.
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1. Introduction

Due to increasing gas prices and environmental concerns, battery propelled electric vehicles
(BEVs) and hybrid electric vehicles (HEVs) have recently drawn more attention. In BEV and
HEV configurations, the rechargeable energy storage system (RESS) is a key design issue [1–
3]. Thus, the system should be able to have good performances in terms of energy density
and power capabilities during acceleration and braking phases. However, the thermal stabil‐
ity, charge capabilities, life cycle and cost can be considered also as essential assessment pa‐
rameters for RESS systems.

Presently batteries are used as energy storage devices in most applications. These batteries
should be sized to meet the energy and power requirements of the vehicle. Furthermore, the
battery should have good life cycle performances. However, in many BEV applications the
required power is the key factor for battery sizing, resulting in an over-dimensioned battery
pack [4,5] and less optimal use of energy [4]. These shortcomings could be solved by combi‐
nation of battery system with supercapacitors [6–8]. In [9], it is documented that such hy‐
bridization topologies can result into enhancing the battery performances by increasing its
life cycle, rated capacity, reducing the energy losses and limiting the temperature rising in‐
side the battery. Omar et al. concluded that these beneficial properties are due to the averag‐
ing of the power provided by the battery system [4,6,9]. However, the implementation of
supercapacitors requires a bidirectional DC–DC converter, which is still expensive. Further‐
more, such topologies need a well-defined energy flow controller (EFC). Price, volume and
low rated voltage (2.5–3 V) hamper the combination of battery with supercapacitors [6,10].
In order to overcome these difficulties, Cooper et al. introduced the Ultra-Battery, which is a
combination of lead-acid and supercapacitor in the same cell [11]. The new system encom‐
passes a part asymmetric and part conventional negative plate. The proposed system allows

© 2012 Sakka et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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to deliver and to absorb energy at very high current rates. The Ultra-Batteries have been
tested successfully in the Honda Insight. However, this technology is still under develop‐
ment. In the last decade, a number of new lithium-ion battery chemistries have been pro‐
posed for vehicular applications. In [12–15], it is reported that the most relevant lithium-ion
chemistries in vehicle applications are limited to lithium iron phosphate (LFP), lithium nick‐
el manganese cobalt oxide (NMC), lithium nickel cobalt aluminum oxide (NCA), lithium
manganese spinel in the positive electrode and lithium titanate oxide (LTO) in the negative
electrode. In this chapter, the performance and characteristics of various lithium-ion based
batteries and supercapacitor will be evaluated and discussed. The evaluation will be mainly
based on the electrical behavior. Then the characteristics of these RESS systems will be in‐
vestigated based on the electrical and thermal models.

2. Batteries

2.1. Electrical characterization

It is well known that the key consideration in the design of rechargeable energy storage sys‐
tems in PHEV and BEV applications mainly depend on the power density (kW/kg) and en‐
ergy density (Wh/kg) due to the design concept. However, the battery technology also
should be able to have good performances in the terms of energy efficiency, lifetime, and
charging rate [12-15]. In this section all these parameters have been analyzed for 10 lithium-
ion battery types as presented in Table 1.

Table 1. Specifications investigated lithium-ion battery brands [12].

In [16] the main design concepts of PHEV applications are discussed, compared to the three
sets of influential technical goals, and explained the trade-offs in PHEV battery design. They
mentioned that the energy and power requirements according to the U.S. Advanced Battery
Consortium (USABC) should be in the range of 82 Wh/kg and 830 W/kg for PHEV-10 and
140 Wh/kg and 320 W/kg for PHEV-40. Pesaran specified these two battery types as high
power/energy ratio battery (PHEV-10) and low power/energy battery (PHEV-40). The first
category PHEV-10 is set for a “crossover utility vehicle” weighing 1950 kg and PHEV-40 is
set for a midsize sedan weighing 1600kg [16]. In this study, only the battery performance
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characteristics for PHEV-40 (40 miles All Electric Range) is investigated based on the
USABC goals [16].

Figure 1 shows the results of the Dynamic Discharge Performance test (DDP) and the Ex‐
tended Hybrid Pulse Power Characterization (HPPC) test [12,17-19]. As one can see, the en‐
ergy density of nickel manganese cobalt oxide (LiNiCoMnO2) based battery types D&E is in
the range of 126 – 149Wh/kg while the cells using iron phosphate in the positive electrode
show energy density being in the range of 75 – 118Wh/kg. In [20], is reported that the high
energy density values for the LiNiCoMnO2 batteries is mainly due to the higher nominal
voltage (e.g. 3.7V) and good electrode specific capacities. However, the situation regarding
the power density is not clear due the fact that power is varying over a wide range. Figure 1
shows that only cell type D using LiNiCoMnO2 has the highest power density around
2100Wh/kg. This result is mainly due to the good specific impedance [20].

The results indicate also that iron phosphate based battery types B and H have good power
performances being in the range of 1580-1650 W/kg. However, based on the USABC goals,
all the tested cells can meet the power requirements of 320W/kg with exception of battery F
290W/kg. Although the battery type E has the best energy density, the power capabilities of
this battery are limited in comparison to the batteries types B, D and H, which indicates that
this battery is more appropriate for BEV applications as reported in [12]. The presented re‐
sults in Figure 1 are based on the maximum discharge C-rate at 50% state of charge.

Figure 1. Power density versus energy density at room temperature [12].
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power/energy ratio battery (PHEV-10) and low power/energy battery (PHEV-40). The first
category PHEV-10 is set for a “crossover utility vehicle” weighing 1950 kg and PHEV-40 is
set for a midsize sedan weighing 1600kg [16]. In this study, only the battery performance
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characteristics for PHEV-40 (40 miles All Electric Range) is investigated based on the
USABC goals [16].

Figure 1 shows the results of the Dynamic Discharge Performance test (DDP) and the Ex‐
tended Hybrid Pulse Power Characterization (HPPC) test [12,17-19]. As one can see, the en‐
ergy density of nickel manganese cobalt oxide (LiNiCoMnO2) based battery types D&E is in
the range of 126 – 149Wh/kg while the cells using iron phosphate in the positive electrode
show energy density being in the range of 75 – 118Wh/kg. In [20], is reported that the high
energy density values for the LiNiCoMnO2 batteries is mainly due to the higher nominal
voltage (e.g. 3.7V) and good electrode specific capacities. However, the situation regarding
the power density is not clear due the fact that power is varying over a wide range. Figure 1
shows that only cell type D using LiNiCoMnO2 has the highest power density around
2100Wh/kg. This result is mainly due to the good specific impedance [20].

The results indicate also that iron phosphate based battery types B and H have good power
performances being in the range of 1580-1650 W/kg. However, based on the USABC goals,
all the tested cells can meet the power requirements of 320W/kg with exception of battery F
290W/kg. Although the battery type E has the best energy density, the power capabilities of
this battery are limited in comparison to the batteries types B, D and H, which indicates that
this battery is more appropriate for BEV applications as reported in [12]. The presented re‐
sults in Figure 1 are based on the maximum discharge C-rate at 50% state of charge.

Figure 1. Power density versus energy density at room temperature [12].
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2.1.1. Energy efficiency

In PHEV applications, energy efficiency during charge and discharge phases can be consid‐
ered as one of the key factors. High-energy efficiency is desired to limit the temperature rise
inside a battery pack. In this section, the energy efficiency of the proposed battery types has
been considered based on the DDP test [19].

It is well pointed out in Figure 2, that the energy efficiency of the nickel manganese cobalt
oxide based cells is around 94 – 96%. While the iron phosphate and nickel cobalt aluminum
in the positive electrode show generally a lower efficiency in the range of 88 – 93%. The low‐
er energy efficiency for lithium iron phosphate based batteries can be explained due to the
relative lower conductivity of cathode material compared to NMC based batteries.

Figure 2. Energy efficiency versus energy density at room temperature [12].

2.1.2. Charge performances

It is generally known that PHEV applications are an important factor for improving the im‐
pact of traffic on healthier living environment by emitting a lower amount of CO2 than the
conventional vehicles. However, the advantages of PHEV applications mainly depend of the
energy storage device. On the other hand, in order to enhance the suitability of the battery
technology in PHEV applications, the battery requires besides good power, energy and en‐
ergy efficiency performances also acceptable fast charging capabilities. In [21], it is well re‐
ported that the charging process of battery typically involves two phases:
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• The main charging phase, where the bulk of energy is recharged into the battery (constant
current),

• The final charge phase, where the battery is conditioned and balanced (constant voltage).

In this section, the fast charging performances of the different batteries until the main charg‐
ing phase have been analyzed. In this study the main charging phase has been considered at
different charge current rates (0.33 It, 1 It, 2 It and 5 It). The reference test current It can be
expressed as according to the standard IEC 61434 [22]:

It A =
Cn Ah

1h
(1)

Figure 3 shows clearly that lithium-ion battery technology have high charge performan‐
ces. For most lithium-ion batteries, the stored capacity up to Vmax is above 60% at 5 It. Due
to the higher charge current rates, the charge time can be reduced with a factor 10. The
discharge time is less than 1 hour instead of 8 hours as mentioned in [15]. Here it should
be noted that  battery cells  with high energy density,  which are  designed for  BEVs and
PHEVs show high performances between 1 It  and 2 It  but  indicate less performances at
higher current rates (> 2 It) [12].

Figure 3. Evolution of stored capacity during main charging phase [12].
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2.2. Thermal characterization

According to the United States Advanced Battery Consortium, the battery system in HEVs,
PHEVs and BEVs should operate over a wide operating temperate (from -40°C until 60°C)
In order to illustrate the battery behavior at different working temperatures, the same dy‐
namic discharge performance test as described above has been performed at -18°C, 0°C,
25°C and 40°C as described in the standard ISO 12405-1/2 and IEC 62660-1 [23-25].

Figure 4. Evolution of energy density as function of working temperature [14].

Figure 4 illustrates that the nickel manganese cobalt oxide based battery (type E) has an en‐
ergy density of 150-125 Wh/kg in the temperature range of 40°C and 0°C. While the energy
density of lithium iron phosphate (type H) and lithium nickel cobalt aluminum oxide in the
positive electrode (type F) seem to have less favorable performances 108-101 Wh/kg for LFP
and 94 74 Wh/kg, for NCA. However, the performances at -18°C are less beneficial for NMC
battery type around 50 Wh/kg against 54 Wh/kg and 86 Wh/kg for NCA and LFP, respec‐
tively. These results show that the energy density reduction is 60% for NMC, 40% for NCA
and 20% for LFP cells. This means that a heating system will be more than desired for NMC
and NCA cells in order to keep the battery cells in the appropriate temperature envelope
(40°C-0°C), where the energy performances are relative high. The high energy density in the
case of NMC at 40°C and 25°C are due to the good specific capacity and the higher nominal
voltage. The obtained energy density for nickel cobalt aluminum in the positive electrode is
quite small against what is documented by Burke [9]. The reason is that the investigated
cells (see Table 1) are dimensioned for hybrid applications rather than battery propelled
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electric vehicles. In [26] is reported that the limitation of the energy density at low tempera‐
tures is mostly related to the considerable increasing of the internal resistance. However,
Figure 5 indicates that the aspect does not apply for LFP based battery. The normalized in‐
ternal resistance increases in the case of the latter mentioned cell chemistry is 650% com‐
pared at the reference temperature (25°C). The internal resistance has been determined at
100% SoC and the applied current was 0.1 It and 1 It.

Figure 5. Evolution of the internal resistance as function of the working temperature [14].

In order investigate the behavior of the proposed LFP and NMC based batteries in depth, a
number of capacity tests have been carried out at current rates 2 It, 5 It and 10 It at 0°C. Fig‐
ure 6 and Figure 7 show the favorable performances of the LFP chemistry against the NMC.
Especially at 0°C, the LFP battery demonstrates the excellent performances due to the self-
heating mechanism that occur at high current rates. In Figure 6, we observe that the voltage
at 10 It drops fast but remains above the minimal voltage: 2V. Then, the voltage recovers
when the battery temperature considerable increases (43°C) due to the higher internal resist‐
ance. The battery is able to attain almost the same discharge capacity as at lower current rate
and high working temperature as it is illustrated in Figure 8. Here, we can notice that the
Peukert number in the temperature range (0°C – 40°C) is close to one as is reported by Omar
et al. [7]. However, at low temperatures (-18°C and forward) the Peukert number increases
(1.85) due to the reducing of the discharge capacity, which is caused by the significantly
high internal resistance. It should be pointed out that in the region 0.33 It and 2 It, the Peu‐
kert number is smaller than 1, which is in contradiction with the Peukert phenomena. The
explanation of this behavior is due to the fact that the Peukert relationship has been extract‐
ed particularly for lead acid batteries and for relative low current rates and in operating
temperatures, which is close to the room temperature. However, for lithium-ion batteries
and mainly at low temperatures (-18°C), there are another complex phenomena that occur
that only cannot be explained by Peukert.
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Figure 6. Illustration of the voltage and temperature evolution of LFP based battery versus depth of discharge at dif‐
ferent current rates at 0°C [14].

Figure 7. Illustration of the voltage and temperature evolution of NMC based battery versus depth of discharge at
different current rates at 0°C [14].

2.3. Electrical and thermal modeling

In development of an appropriate battery pack system, the battery management system can
be assumed as a key system [27]. The accuracy and the performances of this system depend
on the developed balancing system and an accurate electrical and thermal battery model
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which can predict the battery cell behavior under all operational conditions. The electrical
model is required for prediction of the battery behavior such as energy, power, internal re‐
sistance, life cycle and energy efficiency. On the other hand the thermal model is needed to
predict the surface temperature of the battery cell for operating of the cooling and heating
system when required. Further, the output of the thermal model will be used as an input for
the electrical model due to the dependency of the model parameters as a function of the
temperature. In this section the performances of the well-known first order FreedomCar bat‐
tery model will be analyzed by using a dedicated test protocol and a new estimation techni‐
que. Then, the analysis is extended with a novel developed thermal model that has been
developed at the Vrije Univeriteit Brussel for lithium-ion batteries.

Figure 8. Illustration of the Peukert as function of the operating temperature (LFP) [14].

2.3.1. Electrical model: FreedomCar battery model

As reported above, the BMS requires an accurate electrical battery model for prediction of
the battery behavior during the short and long term. Therefore, in the literature, one can
find a number of electrical models such as Thévenin, FreedomCar, second order Freedom‐
Car and RC battery model [28, 29]. The Thévenin battery model is a modified model of the
FreedomCar battery model as it is presented in Figure 9. The Thévenin model is during
steady state operations less accurate than the FreedomCar model due to the absent of the
fictive capacitor 1/OCV’. The second order FreedomCar battery model has relatively higher
performances than the Thévenin battery model, but this model is also more complicated due
to the present of two RC-circuits in the system, which seems in the reality too heavy for BMS
in PHEVs and BEVs where 100 battery cells are connected in series. Therefore, the process‐
ing unit should be very powerful.
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In  the  framework of  this  section,  only  the  characteristics  of  the  first  order  FreedomCar
battery model will be addressed and compared with experimental results. As it presented
in Figure 9, the FreedomCar model exists mainly of an ohmic resistance (Ro), a fictive ca‐
pacitor (1/OCV’) which represents the variation of the voltage over the time, an open cir‐
cuit  voltage OCV and a RC circuit  existing of a polarization resistance Rp and capacitor
C. The model assumes that the battery model parameters should be as function of state of
charge and temperature. However, the researchers at the Vrije Universiteit Brussel found
that the impact of the current rate and cycle life are also important parameters that can‐
not be avoided [28]. Then, the researchers found also that the ohmic resistance should be
divided into  two parts:  the  charge ohmic  resistance  and the  discharge ohmic  resistance
due to the battery hysteresis [28].

Figure 9. First order FreedomCar battery model [28].

2.3.2. Calibration and validation results

Prior starting with validation of the proposed battery model, the model has been calibrated
by performing a new developed test profile at the Vrije Universitiet Brussel as it is presented
in Figure 10. As we can observe, there is a good agreement between the simulation and the
experimental results. According to these results, the error percentage is not higher than
3.5%. This indicates the powerful performances of the proposed battery model with the de‐
veloped estimation technique.
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Figure 10. Calibration of the first order FreedomCar battery model at room temperature [28].

2.3.3. Thermal model

Regarding the prediction the thermal behavior of a battery, this can be performed by using
high accurate thermal sensors or by dedicated thermal battery models. However, thermal
models have many advantages against thermal sensors. The sensors can only measure one
specific point. As it is generally know the heat distribution over the surface temperature of
the battery is not uniform. In order to have a good sight of the heat development inside the
battery, several thermal sensors are needed. This issue will complicate the BMS and the
processing time of the BMS will be significantly longer. Therefore, it is more of high interest
to issue thermal model which can predict the heat development and distribution over the
battery surface. Further, such models allow in advance the battery pack designer to investi‐
gate the weakness in the battery pack and to dimension the cooling system more accurately.
Finally, the development cost of such battery model is less than the cost of the significant
higher number thermal sensors that are needed. In this perspective, a novel thermal model
has been developed at the Vrije Universiteit Brussel that can be used for lithium-ion batter‐
ies and supercapacitors [30, 31]. In Figure 11 the thermal model is illustrated. As we can ob‐
serve, the model exists of the following components [30, 31]:

• Pgen represents the heat generation (irreversible heat)

• Cth stands for the thermal capacitance,

• Rthi is the thermal resistance,

• Rcon represents the convection thermal resistance,

2.3.4. Calibration and validation results

In order to verify the developed thermal battery model, series of comparisons are made
based on simulation and experimental results. The first test is presented in Figure 12. As we
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observe, the model is in good agreement with experimental results. The errors percentage
based on this test is in the range of 1°C. In this test, the model has been compared with ex‐
perimental results based on the load profile as proposed in Figure 13 until the surface tem‐
perature has reached the steady stated condition.

Figure 11. Novel thermal batter model for lithium-ion batteries and electrical double-layer capacitors [30].

Figure 12. Comparison of simulated and measured at 25°C working temperature [30].
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Figure 13. Used load profile for extraction of the thermal model parameters [30].

However, there is a need for validation step to evaluate the performances and accuracy of
the developed battery model at other conditions without to perform any calibration in the
model. In Figure 14 a validation test has been carried out at room temperature about 24°C.
The corresponding simulation and experimental comparison are illustrated in Figure 15.
Here again, we recognize that the high accuracy of the battery model against the experimen‐
tal results. Based on these results, we can conclude that the developed battery model is able
to predict the surface temperature of the battery cell with significantly low errors.

Figure 14. Load profile for validation [30].
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Figure 15. Comparison of experimental and simulation results at room temperature (~24°C) [30].

3. Supercapacitors

Supercapacitors, also known as Electric Double-Layer Capacitors (EDLCs)or ultra capaci‐
tors, have a high energy density when compared to conventional capacitors, typically thou‐
sands of times greater than a high capacitance electrolytic capacitor. For example, a typical
electrolytic capacitor will have a capacitance in the range of tens of milli-farads. The same
size supercapacitor would have a capacitance of several farads. Larger supercapacitors have
capacitance up to 5000 farads. The highest energy density in production is 30 Wh/kg. Al‐
though supercapacitors have very high power density and capacitance values of thousands
of Farads are possible, the cell voltage is limited to about 2.7 V to avoid electrolysis of the
electrolyte with the consequent emission of gas and deterioration of the supercapacitor cell.
The structure of a basic cell is mostly cylindrical. However, there are also now commercial
pouch supercapacitors available. The technology achievement is identical to that used for
conventional capacitors. The supercapacitors cells used in this study are the BCAP310F and
BCAP1500F. Their properties are based on the double layer capacitance at the interface be‐
tween a solid conductor and an electrolyte. The elementary structure consists of two activat‐
ed carbon electrodes and a separator impregnated with an electrolyte. The electrodes are
made up of a metallic collector, coated on both side with an active material, which has a
high surface area part which is required for the double layer. The two electrodes are separat‐
ed by a membrane (separator), which prevents the electronic conduction by physical contact
between the electrodes but allows the ionic conduction between them. This composite is
subsequently rolled and placed into a cylindrical container. The system is impregnated with
an organic electrolyte. The two electrodes are metalized and connected to the outside (+) and
(-) terminal connections of the supercapacitor.

3.1. Electrical characterization

Equivalent series resistance and capacitance of supercapacitor calculation methods:
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3.1.1. Using an Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is used in the characterization of electro‐
chemical behavior of energy storage devices. Impedance analysis of linear circuits is much
easier than analysis of non-linear ones. Electrochemical cells are not linear. Doubling the
voltage will not necessarily double the current. However, the electrochemical systems can
be pseudo-linear. In normal EIS practice, a small (1 to 10 mV) AC signal is applied to the
cell. With such a small potential signal, the system is pseudo-linear.

The supercapacitor is polarized with a dc voltage. A small voltage ripple, typically 10mV, is
superimposed on the dc component. The ripple frequency is swept between 1 mHz and 1
kHz. The measurement of the current amplitude and phase with respect to the injected volt‐
age permits the determination of the real and imaginary components of the impedance as a
function of the frequency. The measurements were performed in a controlled climatic cham‐
ber. The supercapacitor capacitance C and the series resistance (ESR) are deduced from the
experimental results, respectively.
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Where:

• Im(z) is the imaginary component of the supercapacitor impedance,

• Re(z) is the real component of the supercapacitor impedance,

• F is the frequency.

The Maxwell BCAP310F and BCAP1500F supercapacitors used in this study are based on ac‐
tivated carbon technology and organic electrolyte. These devices were characterized using
the Electrochemical Impedance Spectroscopy (EIS) [32].

Figure 16 and Figure 17 represent the BCAP310F and the BCAP1500F capacitance and ESR
as a function of frequency.

At low frequency, the capacitance is maximum, for example at 10mHz the capacitance value
is in order of 1660F for the BCAP1500F and 315F for the BCAP310F. At 50mHz the ESR val‐
ue is in order of 1mΩ for BCAP1500F and 5.2mΩ for BCAP310F. The BCAP310F ESR is rela‐
tively high because this device was fabricated, by Maxwell Technologies, especially for these
thermal tests; it is including 4 thermocouples type K inside.
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Figure 15. Comparison of experimental and simulation results at room temperature (~24°C) [30].

3. Supercapacitors

Supercapacitors, also known as Electric Double-Layer Capacitors (EDLCs)or ultra capaci‐
tors, have a high energy density when compared to conventional capacitors, typically thou‐
sands of times greater than a high capacitance electrolytic capacitor. For example, a typical
electrolytic capacitor will have a capacitance in the range of tens of milli-farads. The same
size supercapacitor would have a capacitance of several farads. Larger supercapacitors have
capacitance up to 5000 farads. The highest energy density in production is 30 Wh/kg. Al‐
though supercapacitors have very high power density and capacitance values of thousands
of Farads are possible, the cell voltage is limited to about 2.7 V to avoid electrolysis of the
electrolyte with the consequent emission of gas and deterioration of the supercapacitor cell.
The structure of a basic cell is mostly cylindrical. However, there are also now commercial
pouch supercapacitors available. The technology achievement is identical to that used for
conventional capacitors. The supercapacitors cells used in this study are the BCAP310F and
BCAP1500F. Their properties are based on the double layer capacitance at the interface be‐
tween a solid conductor and an electrolyte. The elementary structure consists of two activat‐
ed carbon electrodes and a separator impregnated with an electrolyte. The electrodes are
made up of a metallic collector, coated on both side with an active material, which has a
high surface area part which is required for the double layer. The two electrodes are separat‐
ed by a membrane (separator), which prevents the electronic conduction by physical contact
between the electrodes but allows the ionic conduction between them. This composite is
subsequently rolled and placed into a cylindrical container. The system is impregnated with
an organic electrolyte. The two electrodes are metalized and connected to the outside (+) and
(-) terminal connections of the supercapacitor.

3.1. Electrical characterization

Equivalent series resistance and capacitance of supercapacitor calculation methods:

New Generation of Electric Vehicles148

3.1.1. Using an Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is used in the characterization of electro‐
chemical behavior of energy storage devices. Impedance analysis of linear circuits is much
easier than analysis of non-linear ones. Electrochemical cells are not linear. Doubling the
voltage will not necessarily double the current. However, the electrochemical systems can
be pseudo-linear. In normal EIS practice, a small (1 to 10 mV) AC signal is applied to the
cell. With such a small potential signal, the system is pseudo-linear.

The supercapacitor is polarized with a dc voltage. A small voltage ripple, typically 10mV, is
superimposed on the dc component. The ripple frequency is swept between 1 mHz and 1
kHz. The measurement of the current amplitude and phase with respect to the injected volt‐
age permits the determination of the real and imaginary components of the impedance as a
function of the frequency. The measurements were performed in a controlled climatic cham‐
ber. The supercapacitor capacitance C and the series resistance (ESR) are deduced from the
experimental results, respectively.

1
2 Im( )

C
z fp

-
=

× × (2)

( )ReESR z= (3)

Where:

• Im(z) is the imaginary component of the supercapacitor impedance,

• Re(z) is the real component of the supercapacitor impedance,

• F is the frequency.

The Maxwell BCAP310F and BCAP1500F supercapacitors used in this study are based on ac‐
tivated carbon technology and organic electrolyte. These devices were characterized using
the Electrochemical Impedance Spectroscopy (EIS) [32].

Figure 16 and Figure 17 represent the BCAP310F and the BCAP1500F capacitance and ESR
as a function of frequency.

At low frequency, the capacitance is maximum, for example at 10mHz the capacitance value
is in order of 1660F for the BCAP1500F and 315F for the BCAP310F. At 50mHz the ESR val‐
ue is in order of 1mΩ for BCAP1500F and 5.2mΩ for BCAP310F. The BCAP310F ESR is rela‐
tively high because this device was fabricated, by Maxwell Technologies, especially for these
thermal tests; it is including 4 thermocouples type K inside.

Batteries and Supercapacitors for Electric Vehicles
http://dx.doi.org/10.5772/53490

149



0

200

400

600

800

1000

1200

1400

1600

1800

0.01 0.1 1 10 100 1000
Frequency (Hz)

C
 (F

)
C_1500F
C_310F

Figure 16. BCAP1500F and BCAP310F capacitance as function of frequency with a bias voltage respectively of 2.7V
and 2.5V and a temperature of 20°C.
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Figure 17. BCAP1500F and BCAP310F series resistance as function of frequency with a bias voltage respectively of
2.7V and 2.5V and a temperature of 20°C.
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3.1.2. Based on the IEC 62576 standard

The standard IEC (International Electro-technical Commission) 62576 [33,34] defines the cal‐
culation methods of the equivalent series resistance and the capacitance of electric double-
layers capacitors.

Figure 18 presents the calculation method of the equivalent series resistance. The supercapa‐
citor is charged at constant current to its nominal voltage, this voltage should be maintained
at this value during 30 min. Then, the supercapacitor is discharged at constant current up to
0V. The value of the constant current depends on the applications. The IEC 62576 suggests
to choose 10xC, 4xCxUr, 40*C*Ur and 400xCxUr mA for the supercapacitors applied as
memory backup (class 1), energy storage (class 2), power unit (class 3) and instantaneous
power unit (class 4), respectively [33,34]. Where, C is the capacitance and Ur represents the
rated voltage.
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Figure 18. Charge and discharge of the supercapacitor at constant current

The ESR value is calculated based on the following expression:

3VESR
I


= (4)

Where ΔV3 is the voltage drop obtained from the intersection of the auxiliary line extended
from the straight part and the time base when the discharge starts, and I is the constant dis‐
charging current.

Figure 19 presents the calculation method of the capacitance.
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Figure 16. BCAP1500F and BCAP310F capacitance as function of frequency with a bias voltage respectively of 2.7V
and 2.5V and a temperature of 20°C.
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Figure 17. BCAP1500F and BCAP310F series resistance as function of frequency with a bias voltage respectively of
2.7V and 2.5V and a temperature of 20°C.
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Figure 19. Discharge at constant current of the supercapacitor

The capacitance value is calculated using the following expression:

I tC
V
× 

=


(5)

Where I is the constant discharging current, Δt=t2-t1 and ΔV=V1–V2, V1=80%*Vmax,
V2=40%*Vmax and Vmax is the maximum voltage of the supercapacitor.
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Figure 20. Experimental results of BCAP1500F voltage and current as a function of time.
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The BCAP1500F capacitance and ESR were calculated according to the IEC 62576 standard.
The supercapacitor is discharged at constant current 100mA/F. Figure 20 represents the
BCAP1500F voltage and current versus time during the discharge. ESR and C are 1.07mΩ
and 1525F, respectively.

3.2. Thermal characterization

Heat production in supercapacitor is related exclusively to Joule losses. The supercapacitors
support currents up to 400A or more depending on cell capacitance and used technology.
The repetitive charge and discharge cycles of the supercapacitor cause a significant warming
even though the equivalent series resistance value is around the mΩ according to the capaci‐
tance. Several authors showed that the supercapacitor ESR varies according to the tempera‐
ture [35-37]. In [38] the authors have studied the effect of the temperature and the voltage on
the supercapacitors ageing. They have established a model which allows analyzing self-ac‐
celerating degradation effects caused by elevated voltages and temperatures, this model is a
holistic simulation model that combines electrical and thermal simulation of supercapacitor
modules with an ageing model.

In the reference [39] the authors have studied and modeled the temperature effect on the su‐
percapacitor self discharge.

This rise in temperature can have the following consequences:

• The deterioration of the supercapacitor characteristics, especially ESR, self discharge and
lifetime [39,40], which affect its reliability and its electrical performance.

• The pressure inside the supercapacitor is increased.

• A premature aging of metal contacts, in fact the repetitive heating and significant temper‐
atures can deteriorate rapidly the terminal connections of the supercapacitor.

• The evaporation of the electrolyte and hence the destruction of the supercapacitor if the
temperature exceeds 81.6°C which is the boiling point of the electrolyte.

Therefore, it is important to know and understand the heat behavior of supercapacitor cells
and modules. This leads to an estimation of the space-time evolution of the temperature.

This study deals with the thermal modeling and heat management of supercapacitor mod‐
ules for vehicular applications. The thermal model developed is based on thermal-electric
analogy and allows the determination of supercapacitor temperature. Relying on this model,
heat management in supercapacitor modules was studied for vehicle applications. Thus, the
modules were submitted to real life driving cycles and the evolution of temperatures of su‐
percapacitors was estimated according to electrical demands. The simulation results show
that the hotspot is located in the middle of supercapacitors module and that a forced airflow
cooling system is necessary.

For supercapacitor thermal behavior, the device was characterized by using the EIS for dif‐
ferent temperature. Figure 21 presents the Maxwell BCAP0310F ESR variations according to
the temperature. The ESR increases at negative temperature values. The ESR variation is
higher for negative temperature than for positive one. This is due to the fact that the electro‐
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The capacitance value is calculated using the following expression:
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Where I is the constant discharging current, Δt=t2-t1 and ΔV=V1–V2, V1=80%*Vmax,
V2=40%*Vmax and Vmax is the maximum voltage of the supercapacitor.
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The BCAP1500F capacitance and ESR were calculated according to the IEC 62576 standard.
The supercapacitor is discharged at constant current 100mA/F. Figure 20 represents the
BCAP1500F voltage and current versus time during the discharge. ESR and C are 1.07mΩ
and 1525F, respectively.

3.2. Thermal characterization

Heat production in supercapacitor is related exclusively to Joule losses. The supercapacitors
support currents up to 400A or more depending on cell capacitance and used technology.
The repetitive charge and discharge cycles of the supercapacitor cause a significant warming
even though the equivalent series resistance value is around the mΩ according to the capaci‐
tance. Several authors showed that the supercapacitor ESR varies according to the tempera‐
ture [35-37]. In [38] the authors have studied the effect of the temperature and the voltage on
the supercapacitors ageing. They have established a model which allows analyzing self-ac‐
celerating degradation effects caused by elevated voltages and temperatures, this model is a
holistic simulation model that combines electrical and thermal simulation of supercapacitor
modules with an ageing model.

In the reference [39] the authors have studied and modeled the temperature effect on the su‐
percapacitor self discharge.

This rise in temperature can have the following consequences:

• The deterioration of the supercapacitor characteristics, especially ESR, self discharge and
lifetime [39,40], which affect its reliability and its electrical performance.

• The pressure inside the supercapacitor is increased.

• A premature aging of metal contacts, in fact the repetitive heating and significant temper‐
atures can deteriorate rapidly the terminal connections of the supercapacitor.

• The evaporation of the electrolyte and hence the destruction of the supercapacitor if the
temperature exceeds 81.6°C which is the boiling point of the electrolyte.

Therefore, it is important to know and understand the heat behavior of supercapacitor cells
and modules. This leads to an estimation of the space-time evolution of the temperature.

This study deals with the thermal modeling and heat management of supercapacitor mod‐
ules for vehicular applications. The thermal model developed is based on thermal-electric
analogy and allows the determination of supercapacitor temperature. Relying on this model,
heat management in supercapacitor modules was studied for vehicle applications. Thus, the
modules were submitted to real life driving cycles and the evolution of temperatures of su‐
percapacitors was estimated according to electrical demands. The simulation results show
that the hotspot is located in the middle of supercapacitors module and that a forced airflow
cooling system is necessary.

For supercapacitor thermal behavior, the device was characterized by using the EIS for dif‐
ferent temperature. Figure 21 presents the Maxwell BCAP0310F ESR variations according to
the temperature. The ESR increases at negative temperature values. The ESR variation is
higher for negative temperature than for positive one. This is due to the fact that the electro‐
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lyte’s conductivity is strongly temperature dependent. Above 0°C ESR varies slowly with
the temperature. Below 0°C the temperature dependency is stronger. Higher ESR is due to
the increase of the electrolyte’s viscosity at low temperatures limiting ionic transport speed
which increases the resistance of the electrolyte.
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Figure 21. BCAP310F equivalent series resistance as function of temperature.
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Figure 22. Capacitance evolution according to the temperature for 10mHz and 100mHz
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In the case of the capacitance, the experimental results show that the capacitance is lower at
negative temperature as shown in Figure 22. For example, at f=10mHz there is no variation
of the capacitance with temperature. At 100mHz, C=335F at -20°C whereas C= 361F at 20°C.
At negative temperature, the supercapacitor capacitance decreases with temperature.

In conclusion, it is clear that the supercapacitor electric performances and lifetime depend
on the temperature.

3.3. Electrical modeling

In literature, several supercapacitors have been developed for different purposes [47-51]. In
[47], a model has been proposed by Faranda et al (see Figure 23). The model exists of three
branches. The first branch containing R0 represents the fast response of the supercapacitor
in term of few seconds. The second branch contains a resistance and a large capacitor. Then
the second branch demonstrates the long-term behavior in term of few minutes. However,
the analysis that has been carried out by Chalmers University showed that the error be‐
tween the simulated and experimental results for such model is in the range of 10%, which
is statistically high.

Figure 23. Three branches model [47]

In [48] a second order model has been proposed to demonstrate the supercapacitors behavior.
The proposed model is strong similar to the second order Thévenin battery model. The model
has significantly higher accuracy (error between the simulated and experimental results <5%)
than the previous supercapacitor model due to the non-linear behavior of the model.
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In the case of the capacitance, the experimental results show that the capacitance is lower at
negative temperature as shown in Figure 22. For example, at f=10mHz there is no variation
of the capacitance with temperature. At 100mHz, C=335F at -20°C whereas C= 361F at 20°C.
At negative temperature, the supercapacitor capacitance decreases with temperature.

In conclusion, it is clear that the supercapacitor electric performances and lifetime depend
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In literature, several supercapacitors have been developed for different purposes [47-51]. In
[47], a model has been proposed by Faranda et al (see Figure 23). The model exists of three
branches. The first branch containing R0 represents the fast response of the supercapacitor
in term of few seconds. The second branch contains a resistance and a large capacitor. Then
the second branch demonstrates the long-term behavior in term of few minutes. However,
the analysis that has been carried out by Chalmers University showed that the error be‐
tween the simulated and experimental results for such model is in the range of 10%, which
is statistically high.
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In [48] a second order model has been proposed to demonstrate the supercapacitors behavior.
The proposed model is strong similar to the second order Thévenin battery model. The model
has significantly higher accuracy (error between the simulated and experimental results <5%)
than the previous supercapacitor model due to the non-linear behavior of the model.
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In [49-51] a new model has been developed based on electrochemical characterization of the
supercapacitors on electrode and electrolyte level. Therefore, the model as presented in Fig‐
ure 24 below has been proposed.

Figure 24. Electrochemical model [49-51]

Here it should be underlined that this model needs dedicated test procedures for determin‐
ing the model parameters, which only can be carried out by chemists. Therefore, the use of
the model in the vehicular applications is useless.

Then for the first two models, the model parameters can be extracted from the electrical ap‐
proach. However, the simulation time and the complexity of such models is an obstacle in
HEV applications. Therefore, in this section the model as presented in Figure 25 seems the
most interesting model in real applications.

E S R

C 0 C k
V

Figure 25. RCC model of the supercapacitor
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A supercapacitor cell can be modeled by an equivalent RCC circuit as shown in Figure 25,
where ESR is the series equivalent resistance, C0 is a constant capacitor and Ck=k*V varies ac‐
cording to the supercapacitor voltage. These parameters are identified by charging and dis‐
charging  at  constant  current  [40-46]  and  the  obtained  values  for  the  BCAP310F  were
ESR=4.25mΩ, C0 = 282 F and Ck=46*V. This model is suitable for applications where the ener‐
gy stored in the capacitor is of primary importance and the transient response can be neglected.

3.4. Thermal modeling

The thermal model developed is based on thermal-electric analogy and allows the determina‐
tion of supercapacitor temperature inside and at the surface. The developed model can be easi‐
ly  implemented  in  different  simulation  programs.  It  can  be  used  in  the  modeling  of
supercapacitors in order to study the heat management of a supercapacitors module. This
model makes it possible to size the supercapacitors module cooling system when necessary.
This is in order to maintain the temperature of the module within the operating temperature
range given by the manufacturer. A Matlab/Simulink® simulation model was developed in or‐
der to calculate the Rth and Cth of a supercapacitor cell. Calculated values were compared to ex‐
perimental values and the simulation model was validated. Thus a supercapacitor can be
modeled as succession of RC and current source circuits. This application permits to calculate
the evolution of the temperature in each layer of the supercapacitor cell. It can be used to per‐
form detailed analysis of the temperature variation within a supercapacitor. When using su‐
percapacitor modules which are composed of several cells in series and /or in parallel, it is
necessary to study the thermal management of these modules [31]. The aim is to calculate and
locate the maximum temperature in order to size the cooling system if needed. In this case, to
reduce simulation time, the thermal model can be simplified as shown in Figure 26.
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Figure 26. Thermal-electric model of the supercapacitor.
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The thermal model gives the evaluation of the temperature on the external surface of the su‐
percapacitor depending on the electrical power, the ambient temperature and the convective
heat transfer coefficient. The total power dissipated in the supercapacitor is given by:

( ) ( )2P t ESR I t= ´ (6)

Where:

• ESR : the equivalent series resistance of the supercapacitor,

• I(t) : the RMS current value passing through the supercapacitor.

The resistance Rconv represents the heat transfer between the surface of the supercapacitor
and the ambient air. Its value depends on the convective heat transfer coefficient h and the
heat exchange surface of the supercapacitor Ssc.

This coefficient can be calculated by using the following expression:
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Figure 27. Current and voltage of the 1500F supercapacitor.
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In order to validate this model, the parameters were calculated for a 1500F supercapacitor cell.
This supercapacitor cell was experimentally tested; it was charged and discharged at 75A with
a thermocouple type K placed on the outer surface. Figure 27 shows a zoom of the supercapaci‐
tor current and voltage during the receptive cycle which was applied to the 1500F supercapaci‐
tor. It shows the warming phase in which the supercapacitor is charged and discharged at 75A
constant current then the phase of no cycling where the current is zero.

Figure 28 shows the evolution of the outside surface temperature of the 1500F supercapaci‐
tor. The warming phase is about 133 minutes where the supercapacitor is charged and dis‐
charged at 75A constant current. The ambient temperature is around 17.5°C.
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Figure 28. Evolution of measured and simulated temperatures of 1500F cell versus time (75A).

Results presented in Figure 28 show a good correlation between the experimental and simu‐
lation. Good agreements were also obtained with 10A and 20A constant currents for charg‐
ing and discharging cycles.

4. Conclusion

In this chapter, the performance and characteristics of various lithium-ion based batteries
are evaluated and discussed taking into account the power and energy densities, the capaci‐
ty and the current rates. The evaluation is mainly based on the electrical and the thermal be‐
havior. Different types of batteries were characterized at different current rates and different
temperatures. The Peukert relationship was evaluated in function of various operating con‐
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4. Conclusion
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ditions. Electrical and thermal models are developed and presented. The battery electrical
model is based on the first order FreedomCar model. The parameters of the electrical model
were obtained and calibrated based on a new developed test profile. A battery thermal mod‐
el is proposed, discussed and validated. Electrical and thermal characterizations of superca‐
pacitors were studied. The different basic calculation methods based on the EIS and the IEC
62576 of the Equivalent Series Resistance (ESR) and the capacitance of a supercapacitor are
presented. An electrical model of the supercapacitor based on RCC circuit is presented. A
thermal model of the supercapacitor is presented and it is based on the thermal-electric anal‐
ogy. The model was validated using experimental results of the BCAP1500F supercapacitor
cell. The simulation results of the thermal model can be used to find out if a cooling/heating
system is necessary for the use of supercapacitor in order to improve its efficiency. The mod‐
els developed are simple enough to be implemented in different simulation programs and
thermal management systems for hybrid electric vehicles.
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1. Introduction

The environmental concerns and limited reserves of fossil fuels have generated an increased
interest for alternative propulsive systems of vehicles. On the other hand, vehicle manufac‐
turers are increasingly facing demands for reducing emissions of harmful gases by the vehi‐
cles in accordance with the increasingly stringent legislation.

Buses as means of public transportation could reduce considerably the problems caused by
the traffic in the urban areas through the usage, among other things, innovative techniques
and technologies of vehicle propulsion systems.

The development of innovative technologies is increasingly oriented towards electrification of
vehicle propulsion systems expected to lead to: a reduction of harmful emissions, an increased
efficiency of vehicles, improved performances, a reduction of fuel consumption, a reduction of
noise, and potentially lower maintenance costs. An electric drive technology implies a technol‐
ogy employing at least one drive device called electric motor. Three key electric drive technol‐
ogies are: hybrid electric, battery electric, and fuel cell electric technologies.

In this chapter the application of electric technologies in the bus propulsion systems is consid‐
ered through: an analysis of the state of development of city buses, an analysis of the advantag‐
es and shortcomings of electric drive technologies, and identification of the problems standing
in the way of their greater commercialization. The presented examples of the developed city
buses describe the basic characteristics of the applied propulsion systems and their advantag‐
es. The development of hybrid technologies for bus propulsion has grown considerably over
the past several years. These technologies have reached massive applications in North Ameri‐
ca and their expansion to Europe has been initiated during the past several years.
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In the part of the chapter dealing with hybrid electric buses a typical bus driving system and
its components are reviewed and hybrid systems of the major world manufacturers are pre‐
sented. Special attention is paid to the comparative analysis the hybrid electric buses and
conventional and CNG buses. The available literature data have been critically processed
and re-presented. Finally, the characteristics of hybrid city buses of some American and Eu‐
ropean manufacturers which have found the most widespread applications are reviewed.

The fuel cell powered buses draw special attention of users owing the efficiency of their pro‐
pulsion system and their ability to cut drastically harmful emissions. Even though they are
still not widely used, judging by the number of demonstrated projects the development of
fuel cell buses is very intensive throughout the world. Barriers to their wider use are very
high costs, lack of an adequate infrastructure, and relatively small radius of movement.

Fuel cell buses are vehicles with zero emissions. CO2 emissions depend on the type and
method of production of fuel for fuel cells. In the part of the chapter dealing with fuel cell
buses the typical bus configuration, its subsystems, its ecological characteristics, and costs
are reviewed. Some of the development projects and characteristics of a new generation of
fuel cell buses are presented.

Battery electric technologies are among technologies which reduce drastically the impact of
a vehicle on the environment, however, they are still far from the proven technologies. The
reason is the current level of developing technology of the energy storage devices for these
vehicles. Influence of the batteries on commercialization of these buses is more pronounced
compared to the other electric drive buses. A significant advancement in the area of energy
sources has been made over the past several years by the development of lithium-ion batter‐
ies which lead to the development of an increased number of prototypes, even to a series
production of these vehicles. In the part of the chapter dealing with battery electric buses the
characteristics of some of these realized buses are reviewed.

In a separate part of this chapter the characteristics of energy storage device for the electric
propulsion systems of the realized buses are presented, and the expectations from further
development trends of the energy source devices are outlined.

2. An overview of electric drive technologies

Depending on the degree of electrification of propulsion system, Figure 1, three key electric
drive technologies for power the electric vehicles are: hybrid electric, battery electric and
fuel cell electric technologies [1].

Hybrid electric technology: A hybrid electric technology uses both an electric motor (EM) and
an internal combustion engine (ICE) to propel the vehicle. Vehicles equipped with this tech‐
nology are called Hybrid Electrics Vehicles (HEVs).

As can be seen from Figure 1, source of energy to power the vehicle with hybrid electric
technologies are fuels, including alternative, which can be used in IC engines and electricity
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stored in the batteries or ultra capacitors. The charge energy storage to electricity is per‐
formed via IC engine and/or via the regenerative braking.

Figure 1. Different degrees of electrification of road vehicles.

Special case of hybrid electric technology is plug-in hybrid electric (PHE) technology. It has
a battery that can be charged off board by plugging into the grid and which enables it to
travel certain kilometres solely on electricity. Vehicles equipped with this technology are
called Plug-in Hybrid Electrics Vehicles (PHEVs).

Battery electric technology:  Battery electric technology uses a relatively large on-board bat‐
tery to propel the vehicle. Battery provides energy for propulsion through an electric trac‐
tion  motor(s)  as  well  as  power  for  all  vehicle  accessory  systems.  Some electric  vehicles
(EVs) can use to drive auxiliary devices like an on board generator,  which makes them
have characteristics of hybrid solutions. Vehicles equipped with this technology are called
Battery Electrics Vehicles (BEVs).

Fuel cell electric technology: Fuel Cells are energy conversion devices set to replace combus‐
tion engines and compliment batteries in a number of applications. They convert the chemi‐
cal energy contained in fuels, into electrical energy (electricity), with heat and water
generated as by-products. Fuel cells continue to generate electricity for as long as a fuel is
supplied, similar to traditional engines. However unlike engines, where fuels are burnt to
convert chemical energy into kinetic energy, fuel cells convert fuels directly into electricity
via an electrochemical process that does not require combustion. Vehicles equipped with
this technology are called Fuel Cell Electrics Vehicles (FCEVs).
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Electric drive technologies also, usually, incorporate other technologies, which reduce ener‐
gy consumption, for example regenerative braking. That allows the electric motor to re-cap‐
ture the energy expended during braking that would normally be lost. This improves
energy efficiency and reduces wear on the brakes.

2.1. Electric drive technology configurations

Hybrid electric drive configurations consist of a fuel-burning prime power source – general‐
ly an ICE–coupled with an electrochemical or electrostatic energy storage device. These two
power sources work in conjunction to provide energy for propulsion through an electric
traction drive system. Power for all vehicle accessory systems can be provided electrically or
mechanically from the ICE or combinations of both. There are currently many different hy‐
brid-electric system designs utilizing ICE, alternative fuels engines, gas turbines or fuel cells
in conjunction with batteries. These design options are grouped in three categories: series,
parallel and series-parallel configurations.

A series  hybrid-electric  drive system,  Figure  2,  consists  of  an engine directly  connected
to an electric generator (or alternator).  The arrows indicate the mechanical and electrical
energy flow.

Figure 2. Series hybrid electric drive system.

Power from the generator is sent to the drive motor and/or energy storage batteries accord‐
ing to their needs. There is no mechanical coupling between the engine and drive wheels, so
the engine can run at a constant and efficient rate, even as the vehicle changes speed. The
serial hybrid technology is the most common hybrid technology.

In a parallel hybrid-electric drive system, Figure 3, both of the power sources (engine and
electric motor) are coupled mechanically to the vehicle’s wheels. In different configurations,
the motor may be coupled to the wheels either through the transmission (pre-transmission
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parallel design) or directly to the wheels after the transmission (post-transmission parallel
design). Each of these configurations has its advantages.

Figure 3. Parallel hybrid electric drive system.

A series-parallel design, also known as power-split or dual mode hybrid system, is interest‐
ing because with proper control strategy it can be designed to take advantage of both paral‐
lel and series types and avoid their drawbacks.

Battery electric drive system are illustrated in Figure 4. The two types of system configurations
are possible depending on the positioning and size of the electric motors.

Figure 4. Battery electric drive system.

The central motor type is currently more common. However, the requirement to transfer
power from the motor to the wheels does involve some losses in efficiency through friction.

The hub motor type can avoid many of the transmission losses experienced in the central
motor type, but are a less regularly used technology.
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In fuel cell drive system fuel cell is providing the electric energy needed to run of vehicles.
There are two types of fuel cell drive configuration:

• Fuel cell drive without energy storage device (non-hybrid fuel cell vehicles) and

• Fuel cell drive with energy storage device (hybrid fuel cell vehicles), Figure 5.

Fuel cell hybrids operate much like other hybrid electric vehicles but with fuel cells produc‐
ing electricity that charges the batteries, and a motor that converts electricity from the batter‐
ies into mechanical energy that drives the wheels.

Figure 5. Fuel cell drive system with energy storage device.

2.2. Advantages and disadvantages of electric drive technologies

There are some major advantages of electric drive technologies but there are also some dis‐
advantages. Table 1 summarizes the advantages and disadvantages of a hybrid-electric,
plug-in hybrid electric battery and fuel cell drive systems [2]:

Technology Advantages Disadvantages

Hybrid

electric

Lower fuelling costs; Reduced fuel consumption

and tailpipe emissions; Recovered energy from

regenerative braking

Higher initial cost; Complexity of two power

trains; Component availability

Plug-in

hybrid electric

Cleaner electric energy thanks advanced

technologies or renewable; Reduced fuel

consumption and tailpipe emissions;

Optimized fuel efficiency and performance;

Recovered energy from regenerative braking; Grid

connection potential; Pure zero-emission capability

Higher initial cost; Complexity of two power

trains; Component availability-batteries,

powertrains, power electronics; Cost of

batteries and battery replacement; Added

weight

Battery

electric

Use of cleaner electric energy; Zero tailpipe emissions;

Overnight battery recharging; Recycled energy from

regenerative braking; Lower fuel and operational

costs; Quiet operation

Mileage range; Battery technology still to be

improved; Possible need for public

recharging infrastructure
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Technology Advantages Disadvantages

Fuel

cell

Zero tailpipe emissions; Higher energy efficiency

than the IC engine; Recovered energy from

regenerative braking; Potential of near-zero

well-to-wheel emissions when using renewable

fuels to produce hydrogen; No dependence on

petroleum

Higher initial cost; Increased reliability and

durability;

Hydrogen generation and onboard storage;

Availability and affordability of hydrogen

refueling; Codes and standards

development; Scalability for mass

manufacture;

Table 1. Advantages and disadvantages of electric drive technologies.

3. Hybrid Electric Buses

At the IAA 1969 in Frankfurt, Daimler presented the first electric test bus–an early example
of hybrid drive technology. In 1979, Daimler has launched a five-year model trial with a to‐
tal of 13 Mercedes-Benz OE 305 electric-diesel hybrid buses in regular service. Since 2008 Or‐
ion hybrid buses are in regular service on the roads of major U.S. cities, but from 2009
Mercedes-Benz Citaro BlueTec Hybrid is in daily operation [3].

The first sales of serial hybrid city buses in Japan began 1991, when Hino delivered test bus‐
es in eight cities.

From 1997 until today leaders by the number of hybrid buses in commercial use are the
United States and Canada.

3.1. Hybrid electric bus architectures

A hybrid electric bus (HEB) usually combines an internal combustion engine with the bat‐
tery and an electric motor. The ICE can be fueled by gasoline, diesel, or other (natural gas,
biofuel) and work either in series or in parallel with the electric motor. Regenerative braking
capability in HEBs minimizes energy losses by recovering some of the kinetic energy used to
slow down or stop a vehicle.

In a series hybrid configuration [4], Figure 6, the ICE drives a generator to feed the electric
motor and recharge the battery. Braking energy can be captured and stored in the battery
(“regenerative braking”). The engine can be downsized compared to a conventional drive-
train with the same performance, meaning lower ICE weight and higher energy efficiency.

The electric motor powers the drive system, using either energy stored in batteries, or from
the engine, or from both as needed. The engine is more efficient at lower speeds and higher
load, so the series hybrid is preferred for slow and start-and-stop city driving.

In a parallel hybrid configuration both the engine and the electric motor are linked to the
transmission so that either of them, or both at the same time, may provide the power to turn
the wheels. Since the parallel hybrid configuration allows the engine to drive the wheels al‐
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so through a direct mechanical path, it offers better efficiency than a series hybrid configura‐
tion, and a more functional and flexible design.

Figure 6. Series hybrid propulsion system.

3.2. Hybrid Electric Bus Components

The principal hybrid-electric bus components include:

1. an Auxiliary Power Unit (APU),

2. a drive motor,

3. a controller and inverter,

4. an energy storage device and

5. other auxiliary systems, such as air conditioning and lighting.

Auxiliary Power Units: Auxiliary Power Units (APUs) used in hybrid-electric buses are avail‐
able in a number of configurations including IC engines, fuel cells, and with different fuels,
such as diesel, gasoline and compressed natural gas (CNG), liquid natural gas (LNG) and
propane. The engine is typically sized for the average bus power demand, not peak power
demand since the energy storage device provides supplementary power. Engines in hybrid
configurations also operate over a narrower range of load and speed combinations com‐
pared to engines in conventional buses.

Drive motors: Two primary types of electric motors can be used in electric vehicles, direct
current (DC) motors and alternating current (AC) motors. On a power comparative basis, an
AC motor generally exhibits higher efficiency, has a favourable power to size/weight ratio,
is less expensive and generates regenerative braking energy more efficiently than a DC mo‐
tor. Electric drive motors are connected to the vehicle wheels either directly, referred to as

New Generation of Electric Vehicles172

wheel motors, or through a transmission and differential assembly. Wheel motors are more
efficient both in drive cycle and in the regenerative cycle by eliminating the losses in the me‐
chanical transmission and the differential. However, wheel motors are expensive.

Controller and inverter: The electronic controller regulates the amount of energy, (DC pow‐
er in the case of batteries),  that is transferred or converted to AC power by the inverter
(in AC motors) for acceleration. It also ensures that voltage is maintained within the spec‐
ifications required for operating the motor. An electronic controller can also recover elec‐
trical  energy  by  switching  the  motor  to  a  generator  in  order  to  capture  the  vehicle's
kinetic energy via regenerative braking. The controller also ensures that the regenerative
current does not overcharge a battery.

Energy storage devices: Energy storage devices provide necessary of the energy in hybrid-elec‐
tric buses to supplement the APU energy when there is a high demand (e.g., acceleration
from stop, speed acceleration, climbing an up-hill gradient) and to recover and store the en‐
ergy generated during deceleration (e.g., braking, down-hill coasting).

3.3. Major manufacturers of hybrid systems

The major manufacturers of hybrid systems are shown in Table 2:

Manufacturer Propulsion system Type Country

BAE HybriDrive Series USA

Allison Ep40/Ep50 Series-parallel USA

ISE ThunderVolt Series USA

Siemens ELFA Series Germany

Eaton EHPS Parallel USA

Volvo I-SAM Parallel Canada

Voith DIWAhybrid Parallel Germany

Table 2. Major manufacturers of hybrid systems.

BAE Systems is a major integrator and supplier of integrated hybrid electric propulsion for
Orion hybrid electric buses manufactured by Daimler Buses North America. BAE Systems
produces the HybriDrive series propulsion system. The HybriDrive is composed of a trac‐
tion motor and a traction generator to provide power to the vehicle. The liquid cooled, high
power-to-weight ratio electric traction motor connects directly to a standard drive shaft and
rear axle to provide traction power and regenerative braking. HybriDrive series system
powers more than 3.500 buses [5].

Allison has developed EP50 parallel hybrid electric propulsion system with two motors ca‐
pable of producing 75 kW of continuous power and up to 150 kW of power at full potential.
Although designed as a parallel architecture, a power-split or two-mode hybrid electric bus
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so through a direct mechanical path, it offers better efficiency than a series hybrid configura‐
tion, and a more functional and flexible design.

Figure 6. Series hybrid propulsion system.
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can operate in either a series, or a parallel configuration. There are more than 4,600 buses
with the Allison Two Mode Parallel Hybrid Systems in operation across 216 cities and 9
countries. The buses have driven more than 600 million kilometres, saved over 75 million
litres of fuel and eliminated more than 197.000 metric tones of CO2 [6].

ISE Corporation produces the ThunderVolt series drive system who has five key subsystems:
Motive Drive Subsystem (electric drive motors, motor controller, gear reduction system, and
related components); Auxiliary Power Unit Subsystem (engine, electric generator, and relat‐
ed components); Energy Storage Subsystem (integrated pack of either batteries or ultracapa‐
citors); Vehicle Control and Diagnostics and Electrically-Driven Accessories (electrical
power steering and braking systems, air conditioning systems, and related components). ISE
components for electric and hybrid drive are manufactured by Siemens (ELFA). Thunder‐
Volt packs have been integrated in over 300 in-service buses, and operated for over 10 mil‐
lion miles (16,09 million km) cumulative [7].

Siemens ELFA hybrid propulsion system was initially developed in the mid 90’s for diesel
electric buses. To date, Siemens has outfitted more than 700 hybrid busses in the U.S., Italy,
Germany and Japan. More than 6 Million operation hours attest to the reliability of the sys‐
tem [8] Rugged liquid-cooled induction motors with power ratings from 50 kW to 180 kW
with reduction gearboxes are used as standard for ELFA traction systems. Permanent-mag‐
net generators are used for all of the latest ELFA traction drive generation. The traction con‐
verters play a key role in ELFA traction systems. The complete ELFA traction system is
controlled using just one standard traction converter software.

Eaton hybrid power system (EHPS) uses a parallel configuration [9]. EHPS consists of an au‐
tomated clutch, electric motor/generator, motor controller/inverter, energy storage unit, au‐
tomated manual transmission and an integrated supervisory hybrid control module, takes
energy created during braking and regenerates it for later use. An electric motor/generator is
located between the output of an automatic clutch and the input to an automated mechani‐
cal transmission. The electric motor’s peak output is 44 kW.

Volvo has developed a parallel hybrid system [10] with integrated starter alternator motor
(ISAM) system that can be used across the complete product range. ISAM is located between
the diesel engine and the gearbox and facilitates a compact parallel hybrid package. ISAM
integrates the starter motor, electric motor, generator and electronic control unit into one
component. The electric motor is used to start and accelerate the bus up to about 20 km/h,
while the diesel engine takes over at higher speeds.

Voith presented its parallel DIWAhybrid system at the American Public Transportation As‐
sociation (APTA) show in 2008. DIWAhybrid system builds on the proven DIWA automatic
transmission and is designed for up to 290 kW power input and a maximum input torque of
1.600 Nm. At 150 kW electric traction power, the DIWAhybrid system reduces the load of
the diesel engine enough for the latter to be substantially smaller than on conventional die‐
sel buses [11]. Voith has begun production of DIWAhybrid drive system for city buses in the
USA at the end of 2011.
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3.4. Hybrid electric bus characteristics

An advantage of a hybrid-electric bus over a conventional bus is theoretically better fuel
economy and lower exhaust emissions.

Capital, maintenance and operation cost: Hybrid buses can cost up to $500.000, a significant in‐
crease over a standard diesel city bus, the cost of which is closer to $300.000 [12]. The major
cost associated with hybrid buses is battery replacement, as batteries today are not expected
to last the 12-year life of a city bus.

Fuel and maintenance (operating) cost savings over the life of the bus are expected to help
recover the higher initial (capital) cost. Specifically, operating cost savings are expected
through the following features: increased fuel economy; extended brake life; no transmis‐
sion to service; less moving parts; less engine wear and less expensive engine.

Emissions  and  fuel  economy:  With  regard  to  emissions,  clearly  hybrids  are  not  providing
the zero emission. Nevertheless, some testing on hybrid buses has demonstrated that hy‐
brids  offer  emissions  benefits  that  are  comparable  to  or  better  than  clean  diesel  and
CNG buses. There are four primary sources of efficiency and emissions reduction found
in HEBs [13]:  smaller engine size, regenerative braking, power-on-demand, and constant
engine speeds and power output.

By adding an electric motor a hybrid electric bus can be equipped with a smaller, more effi‐
cient combustion engine.

Regenerative braking recovers energy normally lost as heat during braking, and stores it in
the batteries for later use by the electric motor.

Another feature that saves energy and reduces emissions in HEBs is the ability to temporari‐
ly shut off the combustion engine during idle or coasting modes.

In a hybrid application, the bus can be designed to use its diesel engine only at the engine’s
optimum power output and engine speed range.

Barriers to widespread application: The hybrid vehicles are still a “work-in-progress”. Many
studies noted that hybrid buses still require improvements in three technology areas: energy
storage, electrically-driven accessories and on-board diagnostics.

3.5.Comparative analysis between the different buses

An overall comparison of buses with different technologies (diesel, CNG and hybrid elec‐
tric) have been realized in the COMPRO project and the results are presented in the report
"Cost /effectiveness analysis of the selected technologies" [14]. A comparison of buses is
based on several parameters, technological, financial, environmental and planning-based,
such as reliability, eployment flexibility, fuel price, range, exhaust gas emissions, noise, extra
infrastructual needs. The considerations made above are summarized in Table 3. Advantag‐
es of each compared technology are featured in green, disadvantages in red.
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Diesel Bus CNG Bus Hybrid Electric Bus
• Experienced

• High range

• Pollution (PM + NOx)

• Noise

• Increasing fuel costs

• Dependence on mineral oil

• New fuel filling station

• Reduced range

• Low emission / no PM

• Low fuel costs

• Vehicle costs (+30.000 €)

• Dependence on natural gas

• High range +

• Low emission

• Reduced consumption

• Reduced CO2

• Reduced noise

• Vehicle costs (+150.000 €)

• Not yet experienced

Table 3. The comparison between the different technologies of city buses.

Another comparison is based on a West Virginia University’s (WVU) study of city bus life
cycle cost (LCC) [15, 16]. It covers the folowing bus types: diesel buses using ultra low sulfur
diesel (ULSD), compressed natural gas (CNG) buses, and hybrid electric buses. LCC factors
included capital costs (bus procurement, infrastructure, and emissions equipment) and op‐
eration costs (fuel, propulsion-related system maintenance, facility maintenance, and battery
replacement) available from the literature.

A bus 12-year life cycle cost (LCC) analysis for a fleet of size of 100 buses was performed
based on information available in the literature, manufacturers’ specifications, and fuel
economy data gathered by WVU [15, 16]. Only technology-dependent factors relevant to bus
propulsion were considered; driver and management cost were excluded. Buses were as‐
sumed to operate at a national average speed of 12.7 mph (20.48 km/h), to travel for 32.007
mile (about 51.500 km) per year, and to seat 40 passengers for the purposes of calculation.

Figure 7. Comparison of life cycle cost between the different bus technologies.

Capital costs for vehicle procurement includes refueling station (CNG bus), depot modifica‐
tion, and emissions reduction equipment (diesel bus). Infrastructure costs for CNG bus tech‐
nology include two costs: for depot modification and for refueling stations. Operational
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costs include compression electricity (CNG bus), facility maintenance, propulsion-related
system maintenance, battery replacement (hybrid bus), and fuel consumption. Warranty
was not considered. Fuel costs were calculated from the product of national annual average
mileage, estimated fuel economy, and predicted fuel price. All prices were in 2008 dollars
and CNG price data were all converted to the base of diesel (energy) equivalent.

Figure 7 representing total LCC was created for the capital and operation costs (without fuel
consumption), and energy cost, per bus per mile.

The capital cost hybrid buses was slightly higher than CNG and diesel buses. However, op‐
eration cost analysis was similar for all bus types. Although hybrid buses offered the best
fuel economy, this was offset by the battery replacement cost. Generally, the LCC total cost
showed that diesel buses are still the most economic technology.

The West Virginia University’s report [15] presents estimates for 2007 city bus regulated and
greenhouse gas emissions. Tailpipe emissions (particulate matter (PM), nitrogen oxides
(NOx) and greenhouse gas (CO2)) and fuel economy estimations were based on recent emis‐
sions and fuel economy studies, and adjusted with best engineering approach.

For simpler presentation of emissions and fuel economy by the three typical bus fleets (diesel,
CNG and hybrid buses), the results given in the WVU study are appropriately processed and
presented in Figure 8 [17]. Comparative values in Figure 8 represent average values for three
typical driving cycles (MAN, OCTA, and CBD cycles). As can be seen from Figure 8 hybrid
buses were attractive in offering emissions advantages. The estimation showed that hybrid
buses offered lower tailpipe CO2, NOx and PM than the diesel and CNG buses. Figure 8 shows
that the diesel hybrid bus fuel economy is better than the diesel bus fuel economy about 19%.

Figure 8. Comparison between the different bus technologies.

3.6. Hybrid electric bus solutions

The use of hybrid technology has become a popular issue in recent years. Hybrid solutions
are principally available for all main propulsion types, thus with Diesel, CNG, fuel cells etc.
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Table 4 [18, 19] and Table 5 [20] show some typical hybrid electric bus solutions of major bus
manufacturers with IC engine.

Hybrid bus
Orion VII

Hybrid electric bus

New Flyer

Hybrid-Electric bus

Image of bus

Type of hybrid drive BAE Systems HybriDrive™

Serial hybrid

ISE ThunderVolt® TB40-HD

Serial hybrid

Engine Cummins ISB, ULSD, 5.9-litre, 194 kW, with a 120 kW traction generator

Electric motor/generator AC induction motor, Rated Power 250

hp continuous (320 hp peak)

Dual AC Induction motors, Rated Power 170 kW,

Peak Power 300 kW

Energy Storage Lithium-ion battery Ultra capacitors

Bus

Characteristics

Improve fuel economy 30% and

reduce emissions: 90% PM, 40% NOx,

30% CO2

Reduce emissions: 25% PM, 32% NOx and lower

fuel consumption and CO2 emission

Table 4. Hybrid electric buses manufactured in North America.

Hybrid bus
MAN

Lion's City Hybrid

MERCEDES-BENZ

Citaro G BlueTec Hybrid

Image of bus

Type of hybrid drive Siemens, Serial hybrid Serial hybrid

Engine MAN D0836 LOH CR, EEV, 6.9 litre, 191

kW /260 hp

OM 924 LA, 4.8 litre

160 kW/218 hp

Electric motor/

generator

2x75 kW Siemens asynchronous

electric motors. Synchronized

generator with an output power of

150 kW

Four electric wheel hub motors on the central and

rear axles of the bus, output of 320 kW (4x80 kW).

Generator output 160 kW

Energy Storage Ultra capacitors Lithium-ion battery
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Bus

Characteristics

Up to 30 percent lower fuel

consumption and CO2

emission

Diesel consumption and CO2 emissions reduced by up

to 30 %

Hybrid bus
VOLVO

7700 Hybrid

SOLARIS

Urbino 18 Hybrid

Image of bus

Type of hybrid drive Integrated Starter Alternator Motor (I-

SAM) , Parallel hybrid

Voith DIWAhybrid, Parallel hybrid

Engine New Volvo D5E, 5,0 litre capacity, rated

at 210 hp

Cummins ISB6.7 250H engine,

181 kW (246 hp), 6.7 litre capacity

Electric motor/

generator

AC permanent magnet motor, power

rating of 160 hp and a continuous

rating of 90 hp

The motor provides 85 kW of power continually with

a maximum output of 150 kW

Energy Storage Nickel- Metal-Hydride battery Ultra capacitors

Bus

Characteristics

Fuel savings up to 35 %

Lower exhaust emissions

Average fuel saving up to 16%

Table 5. Hybrid electric buses manufactured in Europe.

Besides the mentioned, other manufacturers of hybrid buses are: Gillig, ISE Corporation
(North America); Scania, Irisbus Iveco, Van Hool, VDL Bus & Coach, Hess AG (Europe); Ta‐
ta Motors, Toyota-Hino, Hyundai Motor Company, Mitsubishi Fuso (Asia).

4. Fuel cell buses

Fuel cells for bus applications have generated an enormous amount of attention over the last
several years, as they offer the promise of a clean, efficient transportation system no longer
dependent on fossil fuels. The fuel cell has a life expectancy about one-half that of an inter‐
nal combustion engine. Thus, consumers would have to replace the fuel cell twice in order
to achieve a vehicle operating lifetime equivalent to that of a traditional engine.

Fuel cell buses (FCBs) require a substantial new infrastructure, support, and training re‐
quirements will depend on what type of fuel is used for the fuel cells. Most demonstrations
and available buses use pure hydrogen stored in compressed gas form.
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Image of bus

Type of hybrid drive Siemens, Serial hybrid Serial hybrid

Engine MAN D0836 LOH CR, EEV, 6.9 litre, 191

kW /260 hp

OM 924 LA, 4.8 litre

160 kW/218 hp

Electric motor/

generator

2x75 kW Siemens asynchronous

electric motors. Synchronized

generator with an output power of

150 kW

Four electric wheel hub motors on the central and

rear axles of the bus, output of 320 kW (4x80 kW).

Generator output 160 kW

Energy Storage Ultra capacitors Lithium-ion battery
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Bus

Characteristics

Up to 30 percent lower fuel

consumption and CO2

emission

Diesel consumption and CO2 emissions reduced by up

to 30 %

Hybrid bus
VOLVO

7700 Hybrid

SOLARIS

Urbino 18 Hybrid

Image of bus

Type of hybrid drive Integrated Starter Alternator Motor (I-

SAM) , Parallel hybrid

Voith DIWAhybrid, Parallel hybrid

Engine New Volvo D5E, 5,0 litre capacity, rated

at 210 hp

Cummins ISB6.7 250H engine,

181 kW (246 hp), 6.7 litre capacity

Electric motor/

generator

AC permanent magnet motor, power

rating of 160 hp and a continuous

rating of 90 hp

The motor provides 85 kW of power continually with

a maximum output of 150 kW

Energy Storage Nickel- Metal-Hydride battery Ultra capacitors

Bus

Characteristics

Fuel savings up to 35 %

Lower exhaust emissions

Average fuel saving up to 16%

Table 5. Hybrid electric buses manufactured in Europe.

Besides the mentioned, other manufacturers of hybrid buses are: Gillig, ISE Corporation
(North America); Scania, Irisbus Iveco, Van Hool, VDL Bus & Coach, Hess AG (Europe); Ta‐
ta Motors, Toyota-Hino, Hyundai Motor Company, Mitsubishi Fuso (Asia).

4. Fuel cell buses

Fuel cells for bus applications have generated an enormous amount of attention over the last
several years, as they offer the promise of a clean, efficient transportation system no longer
dependent on fossil fuels. The fuel cell has a life expectancy about one-half that of an inter‐
nal combustion engine. Thus, consumers would have to replace the fuel cell twice in order
to achieve a vehicle operating lifetime equivalent to that of a traditional engine.

Fuel cell buses (FCBs) require a substantial new infrastructure, support, and training re‐
quirements will depend on what type of fuel is used for the fuel cells. Most demonstrations
and available buses use pure hydrogen stored in compressed gas form.
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4.1. Fuel cell bus configurations

All fuel cell vehicle concepts use electric motors to power the wheels, typically accomplish‐
ed through the combination of an electric battery storage system and an on-board hydrogen
fuel cell. Depending on the degree of hybridization, the battery may provide pure “plug-in”
electricity to drive the vehicle some distance. The battery system would be complemented
by a hydrogen storage system and a fuel cell, with the goal of extending the driving range to
300 miles (483 km). Early fuel cell bus designs involved an electric drive train, where a fuel
cell generates electricity which is directly supplied to an electric motor. A new generation of
FCBs is based on the hybrid concept. Figure 9 shows typical arrangement of the components
in FCB [21]. Key system components are: fuel cell system, energy storage system, hydrogen
storage system, wheel drive, cooling system, and auxiliaries.

Figure 9. Key components of the fuel cell hybrid bus.

Fuel cell system: A fuel cell is an energy conversion technology that allows the energy stored
in hydrogen to be converted back into electrical energy for end use. In a fuel cell vehicle, an
electric drive system, which consists of a traction inverter, electric motor and transaxle, con‐
verts the electricity generated by the fuel cell system to traction power to move a bus. The
fuel cell system and additional aggregates are usually located on top of the roof of the bus.

Fuel cells are classified by their electrolyte and operational characteristics. For application
in vehicles mostly used are the Polymer Electrolyte Membrane (PEM) fuel cells. They are
lightweight and have a low operating temperature.  PEM fuel cells  operate on hydrogen
and oxygen from air.

Alkaline fuel cells (AFCs) are made by one of the most mature fuel cell technologies. AFCs
have a combined electricity and heat efficiency of 60 percent efficient.

A newer cell technology is the Direct Methanol Fuel Cell (DMFC). The DMFC uses pure
methanol mixed with steam. Liquid methanol has a higher energy density than hydrogen,
and the existing infrastructure for transport and supply can be utilized.
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There are some major fuel cell manufacturers supplying fuel cell power plants for heavy-
duty applications: Ballard Power Systems and Hydrogenics (Canada), United Technologies
Corporation (UTC) Fuel Cells, Enova Systems (USA), Shanghai Shen-Li High Tech Co. Ltd.
(China), Siemens and Proton Motor Fuel Cell GmbH, (Germany), Toyota (Japan), Hyundai
Motor Co. (South Korea).

Energy storage system: Energy storage systems are generally based on battery packs and/or
ultracapacitors (generally up to 100 kW). Maximum power output and storage capacity vary
depending on hybrid architecture. Lithium-ion battery technology is the most appropriate
of energy storage technology for use in the buses. The batteries are usually located on top of
the roof of the bus. FCBs are equipped with regenerative braking.

Hydrogen storage system: Gaseous hydrogen serves as the fuel. It is stored in compressed gas
tanks, the number of which is decisive for the maximum range but also confines passenger
capacity. The hydrogen storage system has been downsized as a result of the improved effi‐
ciency of the drive train. This has led to the reduction in the overall weight of the bus. The
cylinders to storage hydrogen on board operate at an increased pressure of 350 bars.

Wheel drive: The electric motor can be either a single main motor or hub–mounted (where the
motor is designed within the wheel). The bus may be equipped with a central traction system
which will be located at the left hand side in the rear of the bus. The rear axle has 2 wheel hub
motors and has been specifically developed to match the required speeds, load capabilities and
energy efficiency. It also serves as a generator for energy regeneration during braking.

Cooling system: While running hydrogen through a fuel cell, water is of course being produced.
Some of it becomes steam and leaves the system quite easily, as seen at the steam vent at the
back of the bus. Yet, because PEM cells are sensitive to high heat the cell stacks must be cooled
down. Therefore the byproduct from producing the electricity will always partially turn into
liquid water that can accumulate in the stack and slow down the process. This can happen dur‐
ing idle times or at full speed. Therefore all PEM cells need a mechanism that clears the stacks
once in a while or else the electricity production will be slowed down. The majority of the stack
manufacturers use liquid cooled systems, with radiators to dissipate heat.

Auxiliaries: The auxiliary components in the FCB may be driven electrically. This means that
they operate only on demand and are not driven continuously. This solution is typical for
FCBs, which are based on the hybrid concept. This will result in a higher efficiency and low‐
er maintenance of the components.

4.2. Fuel cell bus characteristics

Fuel cells offer a number of potential benefits that make them appealing for transport use
such as greater efficiency, quiet and smooth operation, and, if pure hydrogen is used on
board the bus, zero emissions in operation and extended brake life. Infrastructure, buses,
fuel, and maintenance costs associated with hydrogen fuel cells are currently prohibitively
expensive. The cost of facilities has ranged from several hundred thousand dollars up to
$4,4 million for a maintenance facility, fueling station, and bus wash [22]. Currently, fuel
cells for buses are not a commercial product. The existing fuel cell buses are prototypes,
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4.1. Fuel cell bus configurations

All fuel cell vehicle concepts use electric motors to power the wheels, typically accomplish‐
ed through the combination of an electric battery storage system and an on-board hydrogen
fuel cell. Depending on the degree of hybridization, the battery may provide pure “plug-in”
electricity to drive the vehicle some distance. The battery system would be complemented
by a hydrogen storage system and a fuel cell, with the goal of extending the driving range to
300 miles (483 km). Early fuel cell bus designs involved an electric drive train, where a fuel
cell generates electricity which is directly supplied to an electric motor. A new generation of
FCBs is based on the hybrid concept. Figure 9 shows typical arrangement of the components
in FCB [21]. Key system components are: fuel cell system, energy storage system, hydrogen
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Fuel cell system: A fuel cell is an energy conversion technology that allows the energy stored
in hydrogen to be converted back into electrical energy for end use. In a fuel cell vehicle, an
electric drive system, which consists of a traction inverter, electric motor and transaxle, con‐
verts the electricity generated by the fuel cell system to traction power to move a bus. The
fuel cell system and additional aggregates are usually located on top of the roof of the bus.

Fuel cells are classified by their electrolyte and operational characteristics. For application
in vehicles mostly used are the Polymer Electrolyte Membrane (PEM) fuel cells. They are
lightweight and have a low operating temperature.  PEM fuel cells  operate on hydrogen
and oxygen from air.

Alkaline fuel cells (AFCs) are made by one of the most mature fuel cell technologies. AFCs
have a combined electricity and heat efficiency of 60 percent efficient.

A newer cell technology is the Direct Methanol Fuel Cell (DMFC). The DMFC uses pure
methanol mixed with steam. Liquid methanol has a higher energy density than hydrogen,
and the existing infrastructure for transport and supply can be utilized.
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Corporation (UTC) Fuel Cells, Enova Systems (USA), Shanghai Shen-Li High Tech Co. Ltd.
(China), Siemens and Proton Motor Fuel Cell GmbH, (Germany), Toyota (Japan), Hyundai
Motor Co. (South Korea).

Energy storage system: Energy storage systems are generally based on battery packs and/or
ultracapacitors (generally up to 100 kW). Maximum power output and storage capacity vary
depending on hybrid architecture. Lithium-ion battery technology is the most appropriate
of energy storage technology for use in the buses. The batteries are usually located on top of
the roof of the bus. FCBs are equipped with regenerative braking.

Hydrogen storage system: Gaseous hydrogen serves as the fuel. It is stored in compressed gas
tanks, the number of which is decisive for the maximum range but also confines passenger
capacity. The hydrogen storage system has been downsized as a result of the improved effi‐
ciency of the drive train. This has led to the reduction in the overall weight of the bus. The
cylinders to storage hydrogen on board operate at an increased pressure of 350 bars.

Wheel drive: The electric motor can be either a single main motor or hub–mounted (where the
motor is designed within the wheel). The bus may be equipped with a central traction system
which will be located at the left hand side in the rear of the bus. The rear axle has 2 wheel hub
motors and has been specifically developed to match the required speeds, load capabilities and
energy efficiency. It also serves as a generator for energy regeneration during braking.

Cooling system: While running hydrogen through a fuel cell, water is of course being produced.
Some of it becomes steam and leaves the system quite easily, as seen at the steam vent at the
back of the bus. Yet, because PEM cells are sensitive to high heat the cell stacks must be cooled
down. Therefore the byproduct from producing the electricity will always partially turn into
liquid water that can accumulate in the stack and slow down the process. This can happen dur‐
ing idle times or at full speed. Therefore all PEM cells need a mechanism that clears the stacks
once in a while or else the electricity production will be slowed down. The majority of the stack
manufacturers use liquid cooled systems, with radiators to dissipate heat.

Auxiliaries: The auxiliary components in the FCB may be driven electrically. This means that
they operate only on demand and are not driven continuously. This solution is typical for
FCBs, which are based on the hybrid concept. This will result in a higher efficiency and low‐
er maintenance of the components.

4.2. Fuel cell bus characteristics

Fuel cells offer a number of potential benefits that make them appealing for transport use
such as greater efficiency, quiet and smooth operation, and, if pure hydrogen is used on
board the bus, zero emissions in operation and extended brake life. Infrastructure, buses,
fuel, and maintenance costs associated with hydrogen fuel cells are currently prohibitively
expensive. The cost of facilities has ranged from several hundred thousand dollars up to
$4,4 million for a maintenance facility, fueling station, and bus wash [22]. Currently, fuel
cells for buses are not a commercial product. The existing fuel cell buses are prototypes,
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manufactured in fairly small numbers. Fuel cell buses can cost $1 to $3 million (or more)
since they are hand-built prototypes utilizing a pre-commercial technology.

The hydrogen fuel itself is also currently very expensive. Costs range depending on the
method of hydrogen production. One of the major constraints for use of the fuel cell buses is
the refueling time for hydrogen buses. Filling over 30kg of hydrogen in less than 5 minutes
is not currently feasible without pre-cooling the hydrogen (as the temperature increase at
these high fill rates would damage the hydrogen tanks) [23].

Some comparisons with different bus technologies (diesel, hybrid diesel-hybrid and fuel
cell), in terms of CO2 emissions per km traveled, have shown significant benefits of FCBs
[23]. CO2 emissions of fuel cell buses ranging from 0 to 1,8 kg/km. Zero emissions are related
to renewable hydrogen and electricity. Emissions of diesel hybrid buses are 0,69 to 1,2
kg/km, but emission of diesel buses are 1,05 to 1,5 kg/km.

4.3. Fuel cell bus projects

The introduction of new types of buses in urban public transport is sometimes a challenging
process that includes testing, demonstration and limited production with a tendency to in‐
crease the number of vehicles. Fuel cell-powered buses continue to be demonstrated in pub‐
lic transport service at various locations around the world. Many demonstration projects
have been launched in the last 10 years in various stages of implementation. Many have
been completed, and some of them are still active. An overview of mainly fuel cell city bus
development projects is given below [21]:

The HyFLEET:CUTE project has involved the operation of 47 hydrogen powered buses in
regular public transport service in 10 cities on three continents. The Project started in 2006
and concluded at the end of 2009. HyFLEET:CUTE was co-funded by the European Com‐
mission and 31 Industry partners through the Commission’s 6th Framework Programme.

ECTOS (Ecological City Transport System) was an initiative to test three Citaro fuel cell buses
in Reykjavik, Iceland. The project was financially supported by the European Commission.
The project started at mid-2003 and now the buses are decommissioned.

STEP (Sustainable Transport Energy Project) is a project to explore the use of alternative trans‐
port energies in Perth, Australia. It includes the operation three Citaro fuel cell buses. It is
funded by the government of Western Australia with support from the Australian govern‐
ment. The project started at mid-2004 and now the buses are decommissioned.

CHIC (Clean Hydrogen In European Cities) is the active project which involves integrating 26
FC buses in daily public transport operations and bus routes in five locations across Europe
– Aargau (Switzerland), Bolzano/Bozen (Italy), London (UK), Milan (Italy), and Oslo (Nor‐
way). The CHIC project is supported by the European Union and has 25 partners from
across Europe, which includes industrial partners for vehicle supply and refueling infra‐
structure. The project will guide additional regions in Europe in their first fleet application
of fuel cell hybrid buses in public transport from 2012 onwards [24]. The buses in the CHIC
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project will be supplied by three different manufacturers - Mercedes-Benz (Germany), Van
Hool (Belgium) and Wrightbus (UK).

"NaBuZ demo" (Sustainable Bus System of the Future – Demonstration) is German-funded project
[25] in which the Hamburger Hochbahn AG produced four Mercedes-Benz Citaro FuelCELL
Hybrid buses. Since 2011, the first Citaro FuelCELL Hybrid bus is involved into service.

The National Renewable Energy Laboratory (NREL) has recently published a status report
documenting progress and accomplishments from demonstrations of fuel cell city buses in
the United States. The report describes the status and challenges of fuel cell propulsion for
transport and summarizes the introduction of fuel cell city buses in North America. Three
major programs are [26]:

1. Federal Transit Administration’s (FTA) National Fuel Cell Bus Program (NFCBP) includes
developing the 11 new buses, expanding the fuel cell manufacturers beyond Ballard
and UTC Power to include Hydrogenics and Nuvera, and exploring multiple bus sizes
and hybrid propulsion designs.

2. Zero Emission Bay Area (ZEBA) Group Demonstration includes 12 next-generation fuel cell
city buses with redesigned Van Hool chassis, the newest UTC Power fuel cell power
system, and fully integrated hybrid propulsion system.

3. BC Transit Fuel Cell Bus Demonstration includes 20 fuel cell buses in Whistler, Canada.
The buses are from New Flyer, use Ballard fuel cells, and have hybrid propulsion from
ISE/Siemens.

Other projects: In China more than 50 FCBs were used during the Asian Games in 2010 and the
Olympics Games in 2008. In Japan, Toyota-Hino has launched several dozen fuel cell buses in
the period since 2003. In Korea, a Hyundai fuel cell bus has operated since 2006 [27].

4.4. New generation of fuel cell buses

Mercedes-Benz fuel cell hybrid buses: Mercedes-Benz has promoted the use of fuel-cell hybrid
buses around the world over the past nine years. Since 2003, a total of 36 Mercedes-Benz Cit‐
aro buses equipped with second-generation fuel cells were driven a combined total of more
than 2,2 million kilometres in a total of approximately 140.000 hours of operation [28].

Production of the second generation of Mercedes fuel-cell hybrid buses started in November
2010 under the CHIC project. Compared with the fuel cell buses which were tested in Ham‐
burg in 2003, the new Citaro FuelCELL Hybrid, Figure 10, provides several significant new
features [25]: hybridization with energy recovery and storage in lithium-ion batteries, pow‐
erful electric motors with 120 kW of continuous output in the wheel hubs, electrified power
take-off units and further enhanced fuel cells. These should achieve an extended service life
of at least six years or 12.000 operating hours.

New additions are the lithium-ion batteries which for example store recovered energy. With
the power stored there the new Citaro FuelCELL Hybrid can drive several kilometres on bat‐
tery operation alone. In general, the design of the new FuelCELL buses is largely the same as
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manufactured in fairly small numbers. Fuel cell buses can cost $1 to $3 million (or more)
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The project started at mid-2003 and now the buses are decommissioned.
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ment. The project started at mid-2004 and now the buses are decommissioned.
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project will be supplied by three different manufacturers - Mercedes-Benz (Germany), Van
Hool (Belgium) and Wrightbus (UK).
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Hybrid buses. Since 2011, the first Citaro FuelCELL Hybrid bus is involved into service.
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the United States. The report describes the status and challenges of fuel cell propulsion for
transport and summarizes the introduction of fuel cell city buses in North America. Three
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1. Federal Transit Administration’s (FTA) National Fuel Cell Bus Program (NFCBP) includes
developing the 11 new buses, expanding the fuel cell manufacturers beyond Ballard
and UTC Power to include Hydrogenics and Nuvera, and exploring multiple bus sizes
and hybrid propulsion designs.

2. Zero Emission Bay Area (ZEBA) Group Demonstration includes 12 next-generation fuel cell
city buses with redesigned Van Hool chassis, the newest UTC Power fuel cell power
system, and fully integrated hybrid propulsion system.
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The buses are from New Flyer, use Ballard fuel cells, and have hybrid propulsion from
ISE/Siemens.

Other projects: In China more than 50 FCBs were used during the Asian Games in 2010 and the
Olympics Games in 2008. In Japan, Toyota-Hino has launched several dozen fuel cell buses in
the period since 2003. In Korea, a Hyundai fuel cell bus has operated since 2006 [27].
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Mercedes-Benz fuel cell hybrid buses: Mercedes-Benz has promoted the use of fuel-cell hybrid
buses around the world over the past nine years. Since 2003, a total of 36 Mercedes-Benz Cit‐
aro buses equipped with second-generation fuel cells were driven a combined total of more
than 2,2 million kilometres in a total of approximately 140.000 hours of operation [28].

Production of the second generation of Mercedes fuel-cell hybrid buses started in November
2010 under the CHIC project. Compared with the fuel cell buses which were tested in Ham‐
burg in 2003, the new Citaro FuelCELL Hybrid, Figure 10, provides several significant new
features [25]: hybridization with energy recovery and storage in lithium-ion batteries, pow‐
erful electric motors with 120 kW of continuous output in the wheel hubs, electrified power
take-off units and further enhanced fuel cells. These should achieve an extended service life
of at least six years or 12.000 operating hours.

New additions are the lithium-ion batteries which for example store recovered energy. With
the power stored there the new Citaro FuelCELL Hybrid can drive several kilometres on bat‐
tery operation alone. In general, the design of the new FuelCELL buses is largely the same as
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that of the Mercedes-Benz BlueTec Hybrid buses that run in regular service; these buses also
get electrical energy from a diesel generator. Thanks to improved fuel cell components and hy‐
bridization with lithium-ion batteries the new Citaro FuelCELL Hybrid saves on almost 50 %
in hydrogen usage compared with the preceding generation. Overall fuel cell system efficien‐
cy has also been improved. The fuel cell bus has a range of around 250 kilometres.

Figure 10. The new Citaro FuelCELL hybrid bus.

Van Hool fuel cell hybrid buses: VAN HOOL (Belgium) is the largest independent manufacturer
of integral buses and coaches in Western Europe. More than 80% of the company’s production
is exported: two thirds stay in Europe, the remainder goes to America, Africa and Asia. In a
joint effort with UTC Power (United Technologies Corporation), a supplier of fuel cell systems,
Van Hool developed fuel cell buses for the European and U.S. markets. Siemens supplied the
twin AC induction electric motor, 85 kW each, converters, and adapted traction software.

Figure 11. The new Van Hool fuel cell bus.

Within the project ZEBA demonstration includes 12 new generation fuel cell hybrid buses
and two new hydrogen fueling stations [29]. The buses are 12 m, low floor buses built by
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Van Hool with a hybrid electric propulsion system that includes a UTC Power fuel cell pow‐
er system (120 kW) and an advanced lithium-ion battery (rated energy: 17.4 kWh and rated
power: 76 to 125 kW). Eight Dynetek, type 3 cylinders, 350 bars, are mounted on the roof.
The new buses, Figure 11, feature significant improvements over two previous generations
of fuel cell buses that were demonstrated in California, Connecticut, and Belgium. Improve‐
ments include a redesigned Van Hool chassis that is lighter in weight, shorter in height, and
has a lower center of gravity for improved weight distribution. The bus has a top speed of
55 mph (88 km/h). The bus purchase cost is about $2,5 million.

4.5. Operating cost and fuel economy of fuel cell buses

Many transport operators continue to aid the FCB industry in developing and optimizing
advanced transportation technologies. These in-service demonstration programs are neces‐
sary to validate the performance of the current generation of fuel cell systems and to deter‐
mine issues that require resolution.

By the end of June 2011, nine of the twelve new Van Hool fuel cell buses had been delivered
and seven of those were in-service. The buses have accumulated more than 80.000 miles
(128.000 km) and a total of 7.653 hours on the fuel cell systems. The results presented here
are early/preliminary information from the first five fuel cell buses that have been placed in‐
to service at AC Transit [29].

Table 6. presents the comparative test results for the Fuel cell and Diesel buses during the
evaluating period.

Fuel Cell Diesel

Fuel Cost ($/km) 0.96 0.42

Total Maintenance Cost ($/km) 0.94 0.41

Total Operating Cost ($/km) 1.87 0.83

Table 6. Operating costs of different buses per kilometre.

During 2011, NREL completed data collection and analysis on new generation FCB demon‐
strations at three transport operators in the United States: SunLine California, CTTRANSIT
Connecticut, and AC Transit California [30]. The current-generation FCBs in service at AC
Transit, CTTRANSIT, and SunLine were all of the same basic design: Van Hool (12m) buses
with ISE Corp. hybrid-electric drives and UTC Power fuel cell power systems.

Table 7 shows the fuel economy of the buses at each location. Data are given in miles per
diesel gallon equivalent and in km/litre (1mile per Gallon =0.425 km/litre).

The FCBs at the three locations showed fuel economy improvement ranging from 48% to
133% when compared to  diesel  and CNG baseline  buses.  This  table  also  illustrates  the
variability of the results from fleet to fleet. The results are affected by several factors, in‐
cluding  duty-cycle  characteristics  (average  number  of  stops,  average  speed,  and  idle
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has a lower center of gravity for improved weight distribution. The bus has a top speed of
55 mph (88 km/h). The bus purchase cost is about $2,5 million.
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Table 6. presents the comparative test results for the Fuel cell and Diesel buses during the
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Fuel Cost ($/km) 0.96 0.42
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Total Operating Cost ($/km) 1.87 0.83
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strations at three transport operators in the United States: SunLine California, CTTRANSIT
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Transit, CTTRANSIT, and SunLine were all of the same basic design: Van Hool (12m) buses
with ISE Corp. hybrid-electric drives and UTC Power fuel cell power systems.

Table 7 shows the fuel economy of the buses at each location. Data are given in miles per
diesel gallon equivalent and in km/litre (1mile per Gallon =0.425 km/litre).

The FCBs at the three locations showed fuel economy improvement ranging from 48% to
133% when compared to  diesel  and CNG baseline  buses.  This  table  also  illustrates  the
variability of the results from fleet to fleet. The results are affected by several factors, in‐
cluding  duty-cycle  characteristics  (average  number  of  stops,  average  speed,  and  idle
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time).  Average speed for AC Transit  –9,8 mph (15,8 km/h);  CTTRANSIT –6,5 mph (10,4
km/h), SunLine –13 mph (20,9 km/h) [30].

FC bus Diesel bus CNG bus

mile/gallon km/litre mile/gallon km/litre mile/gallon km/litre

AC Transit 6,8 2,9 4,2 1,8 -

CTTRANSIT 5,5 2,3 3,7 1,6 -

SunLine 8,0 3,4 - - 3,5 1,5

Table 7. Fuel economy of the fuel cell buses at different locations.

Data about NOx and PM emissions (per year) presented by Van Hool in its promotional ma‐
terials for three different fleets of buses, are shown in Table 8 [31]. The data are calculated
for 50.000 km per year, average speed 20 km/h, and power consumption 50 kW/h.

Equivalent emissions reduction potential of 100 hybrid fuel cell buses gives a CO2 reduction
equal to the uptake of 3.100 acres of forest and a NOx reduction equal to 10 km of 4 lanes of
cars [31]. The presented results show all the environmental advantages of the buses with
fuel cell technologies.

NOx (per year) PM (per year)

100 Diesel Euro III buses 62,5 tons 1,25 tons

100 CNG buses 25 tons 0,25 tons

100 Hybrid fuel cell buses zero zero

Table 8. Comparative characteristics of NOx and PM emissions for different buses.

5. Battery electric buses

Electric vehicles are a promising technology drastically reducing the environmental impact
of road transport. At the same time, EVs are still far from proven technology. Reality is such
that battery technology is simply not the whole answer. This is because (especially for large
buses) batteries do not carry enough energy to power the bus for a full day.

According to IDTechEx report [32], "Electric Vehicles 2010-2020" it is estimated that world‐
wide there are about 480.000 electric buses, mostly small ones - with about 135.000 being
bought each year as the fleets grow. Although only 12% of these new buses are electric, it is
expected that by 2020 investment in the purchase of these buses will be measured in million
of dollars. The main increase in electric buses will be running the free versions to be used
without appropriate infrastructure along the route.

New Generation of Electric Vehicles186

5.1. Full- size battery electric buses

Proterra's Battery Electric Bus: Proterra is the pioneering innovator and manufacturer of clean
commercial transport solutions for city buses. Three Proterra's zero emission fast-charge bat‐
tery electric buses, EcoRide BE35, Figure 12, have been put in service in 2010 [33].

The buses feature Proterra's revolutionary clean-transport technology, including the Proter‐
ra TerraVolt Energy Storage System, which allows a full battery recharge in less than 10 mi‐
nutes. Additional bus features include:

Flexible ProDrive and vehicle control system that can operate in battery electric mode or
with any small APU to extend vehicle range when needed;

Regenerative braking system, allowing the recapture over 90% of the vehicle's kinetic ener‐
gy available during braking;

Light-weight composite body resulting in 25% reduction in weight, significantly lower
maintenance costs and 40% longer life than traditional diesel buses.

Figure 12. Proterra's battery electric bus.

Proterra's EcoRide BE35 battery powered buses can operate on standard routes for up to
three hours—a range of 30-40 miles (48 to 64 km)—and after that, require just 10 minutes of
charging to get back on the road. The buses can accommodate as many as 68 passengers and
according to Proterra, will provide $300.000 in savings over the course of their lifetime
thanks to lower fuel and transportation costs.

BYD electric bus: China’s Build Your-Dream (BYD) hybrid buses, Figure 13, were showcased
during the 2008 Beijing Olympics. BYD has developed and is currently marketing a lithium-
ion battery - powered hybrid-electric bus and all electric buses.

BYD, manufacturer of the first long-range (>300 km) all-electric bus (eBUS-12), has been se‐
lected as the sole eBUS provider for the 2011 International Universiade Games held in
Shenzhen, China. At the core of the eBUS technology is BYD’s in-wheel motor drive system
and the Iron Phosphate battery technology. The eBUS also integrates BYD solar panels on
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expected that by 2020 investment in the purchase of these buses will be measured in million
of dollars. The main increase in electric buses will be running the free versions to be used
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tery electric buses, EcoRide BE35, Figure 12, have been put in service in 2010 [33].
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ra TerraVolt Energy Storage System, which allows a full battery recharge in less than 10 mi‐
nutes. Additional bus features include:

Flexible ProDrive and vehicle control system that can operate in battery electric mode or
with any small APU to extend vehicle range when needed;

Regenerative braking system, allowing the recapture over 90% of the vehicle's kinetic ener‐
gy available during braking;

Light-weight composite body resulting in 25% reduction in weight, significantly lower
maintenance costs and 40% longer life than traditional diesel buses.

Figure 12. Proterra's battery electric bus.

Proterra's EcoRide BE35 battery powered buses can operate on standard routes for up to
three hours—a range of 30-40 miles (48 to 64 km)—and after that, require just 10 minutes of
charging to get back on the road. The buses can accommodate as many as 68 passengers and
according to Proterra, will provide $300.000 in savings over the course of their lifetime
thanks to lower fuel and transportation costs.

BYD electric bus: China’s Build Your-Dream (BYD) hybrid buses, Figure 13, were showcased
during the 2008 Beijing Olympics. BYD has developed and is currently marketing a lithium-
ion battery - powered hybrid-electric bus and all electric buses.

BYD, manufacturer of the first long-range (>300 km) all-electric bus (eBUS-12), has been se‐
lected as the sole eBUS provider for the 2011 International Universiade Games held in
Shenzhen, China. At the core of the eBUS technology is BYD’s in-wheel motor drive system
and the Iron Phosphate battery technology. The eBUS also integrates BYD solar panels on
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the bus roof, converting solar energy to electricity which is stored in the batteries and can
completely offset the eBUS air-conditioning load (extending the range on sunny days) [34].

Figure 13. BYD eBUS-12 electric bus.

BYD has signed a Letter of Intent with the city of Frankfurt, Germany to introduce BYD’s
all-electric, long-range, eBUS. BYD will supply three all-electric buses eBUS-12, two DC
charging stations and technical support in the first quarter of 2012.

BYD is set to trial a full-size, all-electric bus in the Danish capital Copenhagen. Two K9 bus‐
es will initially be deployed on ordinary passenger routes from the second half of 2012.

The City of Windsor, Ontario has signed a letter of intent to purchase up to 10 BYD fully
electric buses for the community’s transport services in 2012. It will become the first City in
North America to launch long-range, all-electric buses. BYD has delivered over 300 all-elec‐
tric buses worldwide and claims orders for over 1.300 more in 2012, making it the largest
electric bus manufacturer in the world.

e-Traction buses: Netherlands’ company e-Traction (European integrator of low-floor fleet
buses), delivered in the year 2010 the first of two e-Busz electric drive buses to Rotterdam’s
public transportation authority. The e-Busz is a VDL Bus & Coach Citea CLF bus converted
with the third generation of the e-Traction system [35].

e-Traction specializes in development of TheWheel as a direct-drive in-wheel motor system
with integrated power electronics and fluid cooling. TheWheel is designed to deliver very
high torque at low revolution. Since 2001, e-Traction is continuously developing in-wheel
direct-drive motors for applications ranging from 400Nm to 10.000Nm per wheel. The vehi‐
cles with TheWheel save up to 40% traction energy and are 50% more fuel efficient com‐
pared to the standard diesel equipped bus. The e-Buzs is a “battery dominant” hybrid bus.
This means that it has the ability to run on battery only, with the diesel generator turned
completely off. The diesel unit (with diesel generator) can be replaced and, importantly, the
bus returned to revenue service in roughly one hour.

New Generation of Electric Vehicles188

In cooperation with e-Traction, Hybricon, a Swedish company converted two Volvo 7700 city
buses to fully electric city bus with rapid charge technology. The buses with the name Arctic
Whisper, Figure 14, are from November 2012 in public service in the city of Umeå, Sweden [36].
e-Traction and Hybricon removed the whole diesel driveline and replaced it with two e-Trac‐
tion SM/500-3 wheel motors mounted on a rear axle construction. A 100 kWh Valence Li-Fe
battery pack (for the purposes of the prototype) and pantographs for the charging station form
the basic configuration, with a 50 kW diesel generator as the back-up system.

Figure 14. Arctic Whisper plug in hybrid bus.

The Arctic Whisper's bus is fast charged for 10 minutes at the end of its route to achieve
nearly 100% all-electric operation but with the reliability of diesel. Without fast charging, the
Arctic Whisper has an all-electric runtime of about 2-3 hours with the 100 kW batteries be‐
fore the diesel generator needs to turn on.

Future  plans  include  using  different  battery  chemistries  capable  of  faster  charging  and
higher charging rates of over 200 kW as well  as extending this architecture to 18 meter
articulated buses.

SMG battery electric bus: The Seoul Metropolitan Government (SMG) has started commercial
operation of full-size battery electric buses since 2010, Figure 15. The government has been
working on a project to develop the buses with local technology after reaching an agreement
with Hyundai Heavy Industries and Hankuk Fiber back in September, 2009. It now has a
goal of putting 120.000 of the vehicles to use in the city by 2020 – this will account for 50% of
all public transport vehicles [37].

The SMG electric buses are a low floor design, 11,00 m in length and can travel as far as 83
km on a single charge. Using high-speed battery chargers they can be fully charged in less
than 30 minutes and have a maximum speed of 100 km/h. Four battery charges are being
provided. They use high-capacity lithium-ion batteries and regenerative braking. To reduce
their weight and help maximize the distance they can travel between charges, these buses
make extensive use of carbon composite materials, instead of metal.
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Arctic Whisper has an all-electric runtime of about 2-3 hours with the 100 kW batteries be‐
fore the diesel generator needs to turn on.

Future  plans  include  using  different  battery  chemistries  capable  of  faster  charging  and
higher charging rates of over 200 kW as well  as extending this architecture to 18 meter
articulated buses.

SMG battery electric bus: The Seoul Metropolitan Government (SMG) has started commercial
operation of full-size battery electric buses since 2010, Figure 15. The government has been
working on a project to develop the buses with local technology after reaching an agreement
with Hyundai Heavy Industries and Hankuk Fiber back in September, 2009. It now has a
goal of putting 120.000 of the vehicles to use in the city by 2020 – this will account for 50% of
all public transport vehicles [37].

The SMG electric buses are a low floor design, 11,00 m in length and can travel as far as 83
km on a single charge. Using high-speed battery chargers they can be fully charged in less
than 30 minutes and have a maximum speed of 100 km/h. Four battery charges are being
provided. They use high-capacity lithium-ion batteries and regenerative braking. To reduce
their weight and help maximize the distance they can travel between charges, these buses
make extensive use of carbon composite materials, instead of metal.
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Figure 15. SMG battery electric bus.

Optare’s battery-powered Versa: Optare’s battery-powered Versa, Figure 16 - the UK’s first
commercial full-size battery bus which started on 1 April 2011 [38]. Battery-powered Versa
buses are planned to be in service at peak times, providing a capacity increase on the 12-
minute interval service. The buses can either be rapid charged, using a special charger, or
slow charged. Travel de Courcey intends to re-charge the buses when they get to 30% of full
charge. A return journey is around 5 miles (8 km). The Versa’s testing is currently underway
with the first bus to be delivered, pending the arrival of the other two, and their entry into
service. They are not the first electric vehicles to be commercially produced by Optare. It has
already delivered Solo EV models, also used on short distance shuttle services [38].

Figure 16. Optare’s battery-powered Versa.
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Tindo solar electric bus: The Adelaide City Council’s electric solar bus, Figure 17, is the first in
the world to be recharged using 100% solar energy. Recent advances in battery technology
have helped the successful development of pure electric buses with a suitable range be‐
tween recharges. The Tindo solar electric bus uses 11 Zebra battery modules, giving it un‐
precedented energy storage capacity and operational range [39]:

Figure 17. Tindo solar electric bus.

Some Tindo bus characteristic are: Length–10,42 m, Motor power peak – 160 kW, Motor
power nominal - 36 kW, Speed - 76 km/h, Battery content - 261,8 kWh, Fast Charger Booster
Power - 70 kW, Fuel costs - 50% lower than for a diesel bus, Range - 200 km between re‐
charges under typical urban conditions.

5.2. Small battery electric buses

Optare solo EV battery electric bus: Optare offers the Solo EV, Figure 18, fully electric buses
available in lengths of 8,1m, 8,8m and 9,5m. Replacing the usual diesel engine is an all-new
electric drive, featuring an Enova Systems P120 AC induction motor rated at 120 kW and
powered by two banks of Valence Lithium Ion Phosphate batteries. The two packs work in
parallel and provide 307 V with a total capacity of 80 kWh. [40].

Around 4.000 Optare Solo EV buses in service worldwide produce zero tailpipe emissions. The
model demonstrated in Switzerland is based on a standard 27-seat, 8,8 metre Solo, but the tech‐
nology can be used on other models in the Optare range with higher passenger capacities. The
Solo EV has been designed to perform exactly like a standard diesel powered bus, except that it
is smoother, quieter and cleaner. It is completely traffic compatible, with good acceleration and
hill climbing capabilities and a top speed of up to 90 km/h. On a full charge it has a range of
around 110-130 kilometres depending on load factors and topography.

Solaris Urbino electric bus: Polish bus manufacturer Solaris developed the midi Urbino electric
bus, Figure 19. The innovative electric bus is based on the 8.9 m Urbino family midi bus. At the
heart of its power system is a 120 kW four-pole asynchronous traction motor supplied by Vos‐
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Figure 15. SMG battery electric bus.
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model demonstrated in Switzerland is based on a standard 27-seat, 8,8 metre Solo, but the tech‐
nology can be used on other models in the Optare range with higher passenger capacities. The
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is smoother, quieter and cleaner. It is completely traffic compatible, with good acceleration and
hill climbing capabilities and a top speed of up to 90 km/h. On a full charge it has a range of
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The Application of Electric Drive Technologies in City Buses
http://dx.doi.org/10.5772/51770

191



sloh Kiepe. Energy is stored in two batteries weighing 700 kg each. These liquid-cooled lithi‐
um-ion batteries have a rated voltage of 600 V and the capacity to store 120 kWh [41].

Figure 18. Optare Solo EV battery electric bus.

Figure 19. Solaris Urbino electric bus.

The battery capacity gives the Solaris Urbino electric a range of up to 100 km and a maxi‐
mum speed of 50 km/h. Batteries are charged with a Walter plug-in connection. A full re‐
charge from the 3x400 V, terminal takes as little as four hours. Even with the 1.400 kg
traction batteries, the Solaris Urbino electric is only marginally heavier than its conventional
counterparts thanks to the innovative lightweight construction employed.

6. Energy storage systems

Energy storage systems, usually batteries, are essential for electric drive vehicles. Batteries
must have a high energy-storage capacity per unit weight and per unit cost. Because the bat‐
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tery is the most expensive component in most electric drive systems, reducing the cost of the
battery is crucial to producing affordable electric drive vehicles.

The electrical energy storage units must be sized so that they store sufficient energy (kWh) and
provide adequate peak power (kW) for the vehicle to have a specified acceleration perform‐
ance and the capability to meet appropriate driving cycles. For those vehicle designs intended
to have significant all-electric range, the energy storage unit must store sufficient energy to sat‐
isfy the range requirement in real-world driving. In addition, the energy storage unit must
meet appropriate cycle and lifetime requirements. These requirements will vary significantly
depending on the vehicle type (battery or fuel cell powered or hybrid electric).

There are many energy storage technology and battery chemistry and packaging options for
electric drive buses.

6.1. Energy storage device used in some electric drive buses

Based on the presentation of realized solutions of electric drive buses, in the previous items
of this chapter, it may be concluded that in the energy storage devices the latest technology
batteries and ultra capacitors are applied. Summary of main characteristics of energy stor‐
age devices, for each of the presented buses is given in Table 9.

As can be seen from Table 9, Li-ion batteries are prevailing in the realized bus solutions. In
the latest bus solutions Zebra battery and Iron Phosphate battery technology are used. It is
notable that the energy capacity of energy storage devices BEBs are significantly higher than
that of HEBs and FCBs.

In a HEBs with an ICE that recharges the battery (where battery operates in charge sustain‐
ing mode), a lighter and smaller battery is employed.

HYBRID ELECTRIC BUSES

BUS MAN

Lion‘s City Hybrid

MERCEDES-BENZ

Citaro G BlueTec Hybrid

Energy storage Capacitors

Energy content: approx. 0,5 kWh,

Max. charging/discharging power: 200 kW,

Voltage: 400-750 V

Lithium-ion battery

Energy content:19,4 kWh,

Maximum output of 240 kW and,

Located on the roof

BUS VOLVO

7700 Hybrid

SCANIA

Ethanol hybrid bus

Energy storage Nickel-Metal-Hydride battery

Energy content: approx. 4,8 kWh,

Weighting approximately 350 kg,

Rated at 600 volts,

Located on the roof

Supercapacitors

Energy available: "/400 Wh,

4x125-Volt Maxwell BOOSTCAP® modules, air-

cooled, Design life:10-15 years

BUS SOLARIS

Urbino 18 DIWA Hybrid

ORION VII

hybrid electric bus
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Energy storage Super capacitors

Energy content: 0,5 kWh,

Maxwell, 5x125V,

Weight 410 kg

Lithium-Ion battery

Energy content: 32 kWh,

Weight 364 kg, 6 year design life,

Roof-mounted

FUEL CELL BUSES

BUS Mercedes-Benz Citaro

FuelCELL Hybrid bus

Van Hool

Fuel Cell Hybrid Bus

Energy storage Li-ion Battery

Energy content: 26 kWh,

Energy storage power 250 kW

Li-ion Battery

Energy content: 17,4 kWh,

Rated power: 76 to 125 kW

BUS New Flyer

Fuel Cell Bus

Van Hool

Fuel Cell Hybrid Bus (UTC power)

Energy storage Li-ion Battery

Energy content: 47 kWh

NaNiCl (ZEBRA) battery

Energy content: 53 kWh

BATTERY ELECTRIC BUSES

BUS Optare

Solo EV Battery Electric Bus

Solaris

Urbino Electric Bus

Energy storage Li-ion Battery

Energy content: 80 kWh

Li-ion Battery

Energy content: 120 kWh,

Rated voltage of 600 V

BUS BYD eBUS-12

Battery Electric Bus

Tindo

Solar Electric Bus

Energy storage Li Iron-Phosphate or “Fe” battery

Energy content: 324 kWh

Milage: 300 km on a single charge

Li-ion Battery

Battery content: 261,8 kWh

Table 9. Characteristics of energy storage devices of several bus solutions.

A BEBs require a larger and heavier battery pack, to provide both high energy density and
high energy storage capacity so as to maximize the range between recharges.

In the PHEBs one can expect smaller, intermediate-sized, battery packs capable of either
charge-sustaining operation in the blended mode with an active ICE, or charge-depleting
operation.

6.2. Current and future development of energy storage devices

A number of different battery technologies exist at present. The lead acid battery has been
used to supply vehicle electricity for a number of decades. With the introduction of the first
modern EVs in the 1980s, the need for more powerful batteries arose. Nickel-cadmium bat‐
teries were originally used, later replaced in hybrid vehicles by nickel-metal hydride batter‐
ies. However, none of these battery technologies provide the energy density required for
sufficient driving distance in pure electric mode.

New Generation of Electric Vehicles194

Recently, apart from the mentioned, other energy storage devices are in the intensive
growth and expansion, such as: Lithium-ion battery (Li-ion), Li-ion polymer battery, So‐
dium Nickel Chloride battery (NaNiCl), Lithium iron phosphate battery (LiFePO4), Zinc Air
battery, and Supercapacitors.

Based on available analysis and current battery data, it appears that the current (2010) bat‐
tery life should exceed seven years and may be around ten years for ‘average’ use. The most
promising chemistries appear to involve silicon, sulfur and air (oxygen) and another impor‐
tant development is research into nanotechnologies. These trends have been widely recog‐
nized and a recent presentation by Limotive researchers showed the following battery
technology roadmap, Figure 20 [41].

Silicon is an attractive anode material for lithium-ion batteries because it has about ten times
the amount of energy that a conventional graphite-based anode can contain [42]. It also has
a specific energy of 1.550 Wh/kg – about four times the energy of a conventional graphite-
based anode. Furthermore, silicon is the second most abundant element on the planet and
has a well-developed industrial infrastructure, making it a cheap material to commercialize
with a cost comparable to graphite per unit of weight.

Figure 20. The battery technology roadmap.

The problem with silicon is that it is very brittle and when lithium-ions are transferred dur‐
ing charge and discharge cycles, the volume expands and contracts by 400% which can pul‐
verise the silicon anodes after just the first cycle.

The Li-Ion technology will become more and more the dominant technology for electro mo‐
bility. The Li-Ion technology has not yet reached its full potential, further improvements are
still possible. Further developments are needed to improve capacity and lifetime, reduce

The Application of Electric Drive Technologies in City Buses
http://dx.doi.org/10.5772/51770

195



Energy storage Super capacitors

Energy content: 0,5 kWh,

Maxwell, 5x125V,

Weight 410 kg

Lithium-Ion battery

Energy content: 32 kWh,

Weight 364 kg, 6 year design life,

Roof-mounted

FUEL CELL BUSES

BUS Mercedes-Benz Citaro

FuelCELL Hybrid bus

Van Hool

Fuel Cell Hybrid Bus

Energy storage Li-ion Battery

Energy content: 26 kWh,

Energy storage power 250 kW

Li-ion Battery

Energy content: 17,4 kWh,

Rated power: 76 to 125 kW

BUS New Flyer

Fuel Cell Bus

Van Hool

Fuel Cell Hybrid Bus (UTC power)

Energy storage Li-ion Battery

Energy content: 47 kWh

NaNiCl (ZEBRA) battery

Energy content: 53 kWh

BATTERY ELECTRIC BUSES

BUS Optare

Solo EV Battery Electric Bus

Solaris

Urbino Electric Bus

Energy storage Li-ion Battery

Energy content: 80 kWh

Li-ion Battery

Energy content: 120 kWh,

Rated voltage of 600 V

BUS BYD eBUS-12

Battery Electric Bus

Tindo

Solar Electric Bus

Energy storage Li Iron-Phosphate or “Fe” battery

Energy content: 324 kWh

Milage: 300 km on a single charge

Li-ion Battery

Battery content: 261,8 kWh

Table 9. Characteristics of energy storage devices of several bus solutions.

A BEBs require a larger and heavier battery pack, to provide both high energy density and
high energy storage capacity so as to maximize the range between recharges.

In the PHEBs one can expect smaller, intermediate-sized, battery packs capable of either
charge-sustaining operation in the blended mode with an active ICE, or charge-depleting
operation.

6.2. Current and future development of energy storage devices

A number of different battery technologies exist at present. The lead acid battery has been
used to supply vehicle electricity for a number of decades. With the introduction of the first
modern EVs in the 1980s, the need for more powerful batteries arose. Nickel-cadmium bat‐
teries were originally used, later replaced in hybrid vehicles by nickel-metal hydride batter‐
ies. However, none of these battery technologies provide the energy density required for
sufficient driving distance in pure electric mode.

New Generation of Electric Vehicles194

Recently, apart from the mentioned, other energy storage devices are in the intensive
growth and expansion, such as: Lithium-ion battery (Li-ion), Li-ion polymer battery, So‐
dium Nickel Chloride battery (NaNiCl), Lithium iron phosphate battery (LiFePO4), Zinc Air
battery, and Supercapacitors.

Based on available analysis and current battery data, it appears that the current (2010) bat‐
tery life should exceed seven years and may be around ten years for ‘average’ use. The most
promising chemistries appear to involve silicon, sulfur and air (oxygen) and another impor‐
tant development is research into nanotechnologies. These trends have been widely recog‐
nized and a recent presentation by Limotive researchers showed the following battery
technology roadmap, Figure 20 [41].

Silicon is an attractive anode material for lithium-ion batteries because it has about ten times
the amount of energy that a conventional graphite-based anode can contain [42]. It also has
a specific energy of 1.550 Wh/kg – about four times the energy of a conventional graphite-
based anode. Furthermore, silicon is the second most abundant element on the planet and
has a well-developed industrial infrastructure, making it a cheap material to commercialize
with a cost comparable to graphite per unit of weight.

Figure 20. The battery technology roadmap.

The problem with silicon is that it is very brittle and when lithium-ions are transferred dur‐
ing charge and discharge cycles, the volume expands and contracts by 400% which can pul‐
verise the silicon anodes after just the first cycle.

The Li-Ion technology will become more and more the dominant technology for electro mo‐
bility. The Li-Ion technology has not yet reached its full potential, further improvements are
still possible. Further developments are needed to improve capacity and lifetime, reduce

The Application of Electric Drive Technologies in City Buses
http://dx.doi.org/10.5772/51770

195



volume and costs (currently around €250-€500/kWh for NiMH and €700-€1.400/kWh for Li-
ion), and to be safe and reliable [43].

Although few serious technical hurdles remain to prevent the market introduction of electric
powered vehicles, battery technology is an integral part of these vehicles that still needs to
be significantly improved. Both current and near-term battery technologies still have a num‐
ber of issues that need to be addressed in order to improve overall vehicle cost and perform‐
ance. These issues include[44]:

• Battery storage capacity – Batteries for EVs need to be designed to optimize their energy
storage capacity, while batteries for PHEVs typically need to have higher power densities.

• Battery duty (discharge) cycles – Batteries for various electric powered vehicles have different
duty cycles. Batteries may be subject to deep discharge cycles (in all electric mode) in PHEVs
or frequent recharge cycles through regenerative braking in conventional HEVs. Batteries
for EVs will be subjected to repeated deep discharge cycles without as many intermediate
cycles. Current battery deep discharge durability will need to be significantly improved.

• Durability, life expectancy, and other issues – Batteries must improve in a number of other
respects, including durability, life-expectancy, energy density, power density, tempera‐
ture sensitivity, reductions in recharge time, and reductions in cost.  Battery durability
and life-expectancy are perhaps the biggest technical hurdles to commercial application
in the near-term.

7. Conclusions

A significant part in the future reduction of consumption of fossil fuels and of the corre‐
sponding reduction of emissions of harmful gases will be played by the alternative propul‐
sion systems and alternative fuels. The development of electric drive technologies intended
for application in buses is expanding. However, there are many limitations which at this
stage slow down these developments. Sustainability of alternative propulsion systems is de‐
pendent upon the degree of their technological development and a compromise between the
opposed economical, ecological, and social factors [45].

A large number of hybrid buses in North America and Japan and their intense development
in Europe over the past several years is a confirmation that their number in the near future
will be permanently growing. Although the sale of these vehicles is relatively small, the high
cost of fossil fuels and the costs of hybrid vehicles becoming more acceptable will accelerate
their further development. The hybrid buses are expected to contribute to further reduction
of CO2 emissions, even though some manufacturers have reached the level of 30%. Further
improvements in that direction will be dependent on the degree of hybridization of the pro‐
pulsion system and electronic control which should contribute to the optimization of opera‐
tion of ICE and hybrid system as a whole.

The experiences so far acquired, through the development of fuel cell buses and many dem‐
onstration projects around the world, are very positive. Some reports indicate that the per‐
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formances of fuel cell buses in-service are above expectation. One of the many barriers to
their wider use is the uncertainty of hydrogen supplies and high production costs of hydro‐
gen. Other barriers are related to the security aspects of usage of these vehicles. Despite the
insufficient performances of batteries, the next generation of fuel cell buses will be based on
the hybrid concept and Li-ion batteries. Some predictions tell that fuel cells for buses will be
commercially available within the next 10-15 years. At present, the high cost of buses is one
of the greatest barriers to their commercialization.

Since 2010 increasing the number of battery driven vehicles and buses is evident, thus it can
be expected that in the forthcoming times their number will continue increasing. However,
barriers to their massive implementation will be the radius of movement, lack of infrastruc‐
ture for recharging the batteries and, of course, high cost of the batteries and other power
equipment (electric motors and control electronics).

Further challenges for electric drive buses will be the development of battery technologies
and of other energy sources. Even though a considerable advancement has been made over
the past several years by the development of Li-ion batteries, which have achieved energy
density of 95-190 Wh/kg, there is still space for further advancements. The only battery
chemistries that have a chance of achieving energy densities in the 1,000 Wh/kg range are
rechargeable metal-air and other. Other non-chemical energy storage devices include super-
capacitors that can reach very high specific power levels for a few seconds, but cannot hold
a lot of energy.

The current generation of lithium-ion batteries typically uses a carbon-based anode and a
metal oxide cathode. Research on next generation lithium batteries will continue the devel‐
opment of electrode and electrolyte materials and chemistries in order to increase the life
and energy density of the battery while reducing size and weight. The most promising
chemistries appear to involve silicon, sulphur and air (oxygen) and another important de‐
velopment is research into nanotechnologies.

8. Acronyms and Abbreviations Nomenclature

AC-Alternating Current

AFC-Alkaline Fuel Cell

APTA-American Public Transportation Association

APU-Auxiliary Power Unit

BEB-Battery Electric Bus

BEV-Battery Electrics Vehicle

BYD-Build Your-Dream

CARB-California Air Resources Board
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CBD-Central Business District

CHIC-Clean Hydrogen in European Cities

CNG-Compressed Natural Gas

CO-Carbon Monoxide

CO2-Carbon Dioxide

COMPRO -COMmon PROcurement of collective and public service transport clean vehicles

CUTE -Clean Urban Transport for Europe

DC -Direct Current

DMFC -Direct Methanol Fuel Cell

ECTOS-Ecological City TranspOrt System

EHPS-Eaton Hybrid Power System

EM/G-Electric Motor/Generator

EV-Electric Vehicle

FCB-Fuel Cell Bus

FCEV-Fuel Cell Electrics Vehicle

FTA-Federal Transit Administration

HEB-Hybrid Electric Bus

HEV-Hybrid Electrics Vehicle

ICE-Internal Combustion Engine

ISAM-Integrated Starter Alternator Motor

LCC-Life Cycle Cost

LiFePO4 Lithium Iron Phosphate

Li-ion-Lithium-ion

LNG-Liquid Natural Gas

MAN-Manhattan Cycle

NaNiCl-Sodium Nickel Chloride

NOx -Nitrogen Oxides

NFCBP-National Fuel Cell Bus Program

NREL-National Renewable Energy Laboratory

OCTA-Orange County Transit Authority
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PEM-Polymer Electrolyte Membrane

PHEB-Plug-in Hybrid Electric Bus

PHEV-Plug-In Hybrid Electrics Vehicle

PM-Particulate Matter

SMG-Seoul Metropolitan Government

STEP-Sustainable Transport energy for Perth

ULSD-Ultra Low Sulfur Diesel

UTC-United Technologies Corporation

WVU-West Virginia University

ZEBA-Zero Emission Bay Area
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1. Introduction

Full Electrical Vehicles (FEVs) and Hybrid Electrical Vehicles (HEVs) are vehicles with many

electric components compared to conventional ones. In fact the power train consists of

electrical machines, power electronics and electric energy storage system (battery, super

capacitors) connected to mechanical components (transmissions, gear boxes and wheels)

and, for HEV, to an Internal Combustion Engine (ICE). The approach for a new vehicle

design has to be multidisciplinary in order to take into account the dynamic interaction

among all the components of the vehicle and the power train itself. The vehicle designers

in order to find the correct sizing of components, the best energy control strategy and to

minimize the vehicle energy consumption need modeling and simulation since prototyping

and testing are expensive and complex operations. Developing a simulation model with

a sufficient level of accuracy for all the different components based on different physic

domains (electric, mechanical, thermal, power electronic, electrochemical and control) is a

challenge. Different commercial simulation tools have been proposed in literature and they

are used by the automotive designer [1]. They have different level of detail and are based on

different mathematical approaches. In paragraph 2 a general overview on different modeling

approaches will be presented. In the following paragraphs the author approach, focused on

the modeling of each component constituting a FEV or HEV will be detailed. The authors

approach is general and is not based on vehicle oriented simulation tools. It represents a

good compromise among model simplicity, flexibility, computational load and components

detail representation. The chapter is organized as follows:

• paragraph 2 describes the different approaches that can be find in literature and

introduced the proposed one;

• paragraphs 3 to 10 describe all the components modeling details in this order: battery,

inverter, electric motor, vehicle mechanics, auxiliary load, ICE, thermal modeling;

• paragraph 11 presents different cases of study with simulation results where all the

numerical models has been validated by means of experimental test performed by the

authors.
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Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.© 2012 Mapelli and Tarsitano; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2012 Mapelli and Tarsitano; licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 7

Modeling of Full Electric and Hybrid Electric Vehicles

Ferdinando Luigi Mapelli and Davide Tarsitano

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53570

Provisional chapter

Modeling of Full Electric and Hybrid Electric Vehicles

Ferdinando Luigi Mapelli and Davide Tarsitano

Additional information is available at the end of the chapter

1. Introduction

Full Electrical Vehicles (FEVs) and Hybrid Electrical Vehicles (HEVs) are vehicles with many

electric components compared to conventional ones. In fact the power train consists of

electrical machines, power electronics and electric energy storage system (battery, super

capacitors) connected to mechanical components (transmissions, gear boxes and wheels)

and, for HEV, to an Internal Combustion Engine (ICE). The approach for a new vehicle

design has to be multidisciplinary in order to take into account the dynamic interaction

among all the components of the vehicle and the power train itself. The vehicle designers

in order to find the correct sizing of components, the best energy control strategy and to

minimize the vehicle energy consumption need modeling and simulation since prototyping

and testing are expensive and complex operations. Developing a simulation model with

a sufficient level of accuracy for all the different components based on different physic

domains (electric, mechanical, thermal, power electronic, electrochemical and control) is a

challenge. Different commercial simulation tools have been proposed in literature and they

are used by the automotive designer [1]. They have different level of detail and are based on

different mathematical approaches. In paragraph 2 a general overview on different modeling

approaches will be presented. In the following paragraphs the author approach, focused on

the modeling of each component constituting a FEV or HEV will be detailed. The authors

approach is general and is not based on vehicle oriented simulation tools. It represents a

good compromise among model simplicity, flexibility, computational load and components

detail representation. The chapter is organized as follows:

• paragraph 2 describes the different approaches that can be find in literature and

introduced the proposed one;

• paragraphs 3 to 10 describe all the components modeling details in this order: battery,

inverter, electric motor, vehicle mechanics, auxiliary load, ICE, thermal modeling;

• paragraph 11 presents different cases of study with simulation results where all the

numerical models has been validated by means of experimental test performed by the

authors.

©2012 Mapelli and Tarsitano, licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.© 2012 Mapelli and Tarsitano; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2012 Mapelli and Tarsitano; licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



2 New Generation of Electric Vehicles

2. FEV and HEV modeling

As shown in Figure 1, the whole vehicle power-train model is composed by many
subsystems, connected in according to the energy and information physical exchanges. They
represent the driver (pilot), the vehicle control system, the battery, the inverter, the Electrical
Motor (EM), the mechanical transmission system, the auxiliary on board electrical loads,
the vehicle dynamical model and for, HEVs and Plug-in Hybrid Electrical Vehicles (PHEVs),
also an ICE and a fuel tank are considered. To correctly describe them, a multidisciplinary
methodology analysis is required. Furthermore the design of a vehicle requires a complete
system analysis including the control of the energy given from the on-board source, the
optimization of the electric and electronic devices installed on the vehicle and the design
of all the mechanical connection between the different power sources to reach the required
performances. So, the complete simulation model has to describe the interactions between
the system components, correctly representing the power flux exchanges, in order to help
the designers during the study. For modeling each component, two different approaches
can be used: an “equation-based” or a “map-based” mode [1]. In the first method, each
subcomponent is defined by means of its quasi-static characteristic equations that have to
be solved in order to obtain the output responses to the inputs. The main drawback is
represented by the computational effort needed to resolve the model equations. Vice versa
using a “map-based” approach each sub-model is represented by means of a set of look-up
tables to numerically represents the set of working conditions. The map has to be defined by
means of “off-line” calculation algorithm based on component model equation or collected
experimental data. This approach implies a lighter computation load but is not parametric
and requires an “off-line” map manipulation if a component parameter has to be changed.
For the model developing process, an object-oriented causal approach can be adopted. In
fact the complete model can be split into different subsystems. Each subsystem represents a
component of the vehicle and contains the equations or the look-up table useful to describe
its behavior. Consequently each object can be connected to the other objects by means of
input and output variables. In this way, the equations describing each subsystem are not
dependent by the external configuration, so every object is independent by the others and
can be verified, modified, replaced without modify the equations of the rest of the model. At
the same time, it is possible to define a “power flux” among the subsystems: every output
variable of an object connected to an input signal of another creates a power flux from the
first to the second subsystem (“causality approach”). This method has the advantage to
realize a modular approach that allows to obtain different and complex configuration only
rearranging the object connection.

A complete model can be composed connecting the objects according two different
approaches: the “reverse approach” (also called “quasi-static approach” - see Figure 2) and
the “forward approach” (also called “dynamic approach” - see Figure 3). Figure 2 and 3
show simplified models of a HEV, where V is the vehicle model, GB the gear box, PC the
power converter, B the battery pack, FT the fuel tank, AL is the auxiliary loads block, v
and a are respectively the vehicle’s speed and acceleration, f is the vehicle traction force,
Ω is the EM angular speed, TICE and TEM are respectively the ICE and the EM torques,
ΩICE is the ICE angular speed, fc is the fuel consumption, I and Vs are the electrical motor
current and voltage, ibatt and Vbatt are the battery current and voltage, PInMot is the power
requested by the EM to the power converter, PB is the total power requested to the battery
that is obtained as a sum of the power requested by the power converter PInInv and the
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Figure 1. Block diagram of a Plug-In HEV.

Figure 2. Example of HEV quasi-static modeling approach.

auxiliary loads Paux (PB = PInInv + Paux) and finally iaux is the amount of current requested
to the battery for auxiliary electrical loads. Quasi-static method use as input variables the
desired speed and acceleration of the vehicle, hence the equations are solved starting from
the V model and going back, block by block, to the B model. In the dynamic approach each
subcomponent has interconnection variables with the previous and the next blocks. In this
way each sub-model is strongly interleaved with the others and its behavior has influence
on the total system. The second method requires a higher computational effort but is more
accurate and has been applied by the authors in several cases [2–4]. In fact, using the first
method, the information flux is unidirectional and the equation set is more simpler often only
algebraic. This approach do not take into account the real response and constrain of power
train component. On the contrary the dynamic approach produces also a response that runs
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show simplified models of a HEV, where V is the vehicle model, GB the gear box, PC the
power converter, B the battery pack, FT the fuel tank, AL is the auxiliary loads block, v
and a are respectively the vehicle’s speed and acceleration, f is the vehicle traction force,
Ω is the EM angular speed, TICE and TEM are respectively the ICE and the EM torques,
ΩICE is the ICE angular speed, fc is the fuel consumption, I and Vs are the electrical motor
current and voltage, ibatt and Vbatt are the battery current and voltage, PInMot is the power
requested by the EM to the power converter, PB is the total power requested to the battery
that is obtained as a sum of the power requested by the power converter PInInv and the
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Figure 1. Block diagram of a Plug-In HEV.

Figure 2. Example of HEV quasi-static modeling approach.

auxiliary loads Paux (PB = PInInv + Paux) and finally iaux is the amount of current requested
to the battery for auxiliary electrical loads. Quasi-static method use as input variables the
desired speed and acceleration of the vehicle, hence the equations are solved starting from
the V model and going back, block by block, to the B model. In the dynamic approach each
subcomponent has interconnection variables with the previous and the next blocks. In this
way each sub-model is strongly interleaved with the others and its behavior has influence
on the total system. The second method requires a higher computational effort but is more
accurate and has been applied by the authors in several cases [2–4]. In fact, using the first
method, the information flux is unidirectional and the equation set is more simpler often only
algebraic. This approach do not take into account the real response and constrain of power
train component. On the contrary the dynamic approach produces also a response that runs
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Figure 3. Example of HEV-dynamic modeling approach.

forward the complete model, influencing the output of the following sub-models. In this
way, it is possible to study the total behavior including the physical limits of each component
and, so, the simulation model is able to describe correctly both the single component and
the overall performances of the system. For this method more complex equations (a few
number of differential equation) or maps are needed. The following paragraphs describe
component by component the proposed method which is based on a simplified dynamic
forward approach that could be implemented using both equations or off-line computed
look-up tables.

3. Battery modeling

In order to correctly simulate the behavior of a FEV, HEV or PHEV it is important to set up
a battery model that evaluate the output voltage considering the State Of Charge (SOC) of
the battery itself. Since a battery pack is obtained by a series connection of many cells (ncell),
it is quite usual to construct a numerical model considering one single cell. The total battery
voltage Vbatt is obtained using equation (1) assuming that all cells have an uniform behavior
and where vel is the voltage of a single cell.

Vbatt = ncellvel (1)

The battery model receives as input variables: the current ibatt required from the electrical
drive model (inverter and electric motor) and the battery temperature ϑ computed by battery
thermal model. The model gives as output variables: the battery pack voltage Vbatt, the
SOC and the power losses PLossBatt. In order to simulate the battery behavior, instead of a
complex electrochemical model, an Equivalent Circuit Model (ECM) can be chosen as a good
compromise between accuracy and computational load. For example a first order Randles
circuit (represented in Figure 4) can be adopted as dynamic model (see Paragraph 3.2); this
model can be easily downgraded imposing R1 = 0 in order to obtain a static model (see
Paragraph 3.1). The circuit parameters can be deduced by experimental test or technical
literature using the method described in [5].

Furthermore it is fundamental to calculate the battery SOC using equation (2) (where Cn is
the rated capacity expressed in Ampere-Hours [Ah] and SOC0 is the initial state of charge)
to evaluate the amount of energy stored into the battery pack.

New Generation of Electric Vehicles210
Modeling of Full Electric and Hybrid Electric Vehicles 5

Figure 4. Randles electrodynamical model of a cell.

SOC(t) = SOC0 −

∫ t

0

ibatt(t)

3600 · Cn
dt (2)

3.1. Static model of battery

Using the manufacturer charge and discharge charts and the data available for different
temperature (reported as example in Figures 5-7), it is possible to reconstruct the map of
v0(SOC, ϑ) and of R0(SOC, ϑ) and consequently to calculate vel(SOC, ϑ) as reported in the
static equation (3).

vel(SOC, ϑ) = v0(SOC, ϑ)− R0(SOC, ϑ)ibatt (3)

Figure 5. Charging chart for different C-Rates.

A further simplification is to consider the temperature ϑ constant and consequently to
calculate and to represent on a map the vel as reported in Figure 8, as a function of the
battery SOC and the battery current ibatt.
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Figure 3. Example of HEV-dynamic modeling approach.
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Figure 6. Discharge chart for different C-Rates.

Figure 7. 1C discharge chart for different temperatures.
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Figure 8. Battery voltage map.

3.2. Dynamical model of battery

Since batteries for traction application are used under heavy dynamic condition with
suddenly variation of the supplied current ibatt, the static model can not be adopted for all the
cases of study where dynamic is fundamental (for example control analysis). Different type
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of ECM have been developed for simulating battery voltage vel where more that one RC block
are used in order to obtain a Ordinary Differential Equation (ODE) of order n and a parasitic
parallel branch is added to the ECM to simulate the self discharge phenomenon. Since the
main objective is not to simulate all the battery details but the global vehicle behavior a single
RC circuit for an enough accurate model can be adopted, as reported in Figure 4.

In order to have good simulation results a fine tuning of the dynamic ECM parameters has
to be done. A good procedure for parameter identification, considering also thermal effects,
is reported in [5].

It possible to solve the circuit considering the cell voltage vel , as reported in equation (4)1,
where the splitting of the total current ibatt into the capacitor C1 and into the resistor R1 is
considered ad reported in equation (5) and the no load voltage v0 is SOC dependant.

vel = v0 − R0ibatt − v1 (4)




ibatt = ic + ir

ic = C1
dv1

dt
ir =

v1

R1

(5)

Finally, substituting ibatt obtained from equation (5) in equation (4), is possible to obtain the
final dynamic equation of the cell voltage, as reported in equation (6).

dv1

dt
=

1

R0C1

�
v0(SOC)− vel − v0(SOC)

�
1 +

R0

R1

��
(6)

4. Inverter modeling

Different methods are available in the scientific literature in order to evaluate power
electronic converter losses [6, 7] and to obtain a consequent energetic model. The most simple
approach is to consider the power converter as an equivalent resistive load where the inner
power losses are proportional to the square of the flowing current. Since in the most cases
the power converter assumes the three phase inverter topology the power losses expression
can be formalized as reported in (7), where RInv is the inverter equivalent resistance and I
is the Root Mean Square (RMS) inverter output phase current (that corresponds to the EM
phase input RMS current).

PLossInv = 3 · RInv · I2 (7)

1 In equation (4) (5) (6) where: it has been neglected the dependency of the circuital parameters from battery SOC and
temperature ϑ.
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Figure 6. Discharge chart for different C-Rates.

Figure 7. 1C discharge chart for different temperatures.
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cases of study where dynamic is fundamental (for example control analysis). Different type
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main objective is not to simulate all the battery details but the global vehicle behavior a single
RC circuit for an enough accurate model can be adopted, as reported in Figure 4.

In order to have good simulation results a fine tuning of the dynamic ECM parameters has
to be done. A good procedure for parameter identification, considering also thermal effects,
is reported in [5].

It possible to solve the circuit considering the cell voltage vel , as reported in equation (4)1,
where the splitting of the total current ibatt into the capacitor C1 and into the resistor R1 is
considered ad reported in equation (5) and the no load voltage v0 is SOC dependant.
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4. Inverter modeling

Different methods are available in the scientific literature in order to evaluate power
electronic converter losses [6, 7] and to obtain a consequent energetic model. The most simple
approach is to consider the power converter as an equivalent resistive load where the inner
power losses are proportional to the square of the flowing current. Since in the most cases
the power converter assumes the three phase inverter topology the power losses expression
can be formalized as reported in (7), where RInv is the inverter equivalent resistance and I
is the Root Mean Square (RMS) inverter output phase current (that corresponds to the EM
phase input RMS current).

PLossInv = 3 · RInv · I2 (7)

1 In equation (4) (5) (6) where: it has been neglected the dependency of the circuital parameters from battery SOC and
temperature ϑ.
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8 New Generation of Electric Vehicles

The inverter input power can be calculated adding the inverter losses PLossInv to the motor
input power PInMot that correspond to the inverter output power POutInv (equation (8)).

PInInv = PLossInv + PInMot = PLossInv + POutInv (8)

A more detailed approach can be described if the simulation model adopted includes
the control and inverter modulator details: an instant circuit losses model can be also
implemented [6]. The losses are computed considering the basic inverter cell composed
of an Insulated Gate Bipolar Transistor (IGBT) and a diode. The inverter is formed by six
basic cells divided into 3 arms as reported in Figure 9.

The instantaneous losses of a basic cell pcell can be evaluated using equation (9) where: pswT

are transistor switching losses, Eon and Eo f f are turn-on and turn off energy, fs is the inverter
switching frequency, ErecD and precD are the recovery diode energy and power losses, vce and
vak are respectively the transistor and diode forward voltage drop, ic and i f are the transistor
and diode direct current ad p f wT and p f wD are transistor and diode conduction forward
losses. The total inverter instantaneous losses are reported in (10). For the IGBT and diode
the typical current Vs voltage curves and the switch on/off energy losses Vs current charts
are shown in Figure 11, 12 and 13.

These curves can be simplified as shown in equation (11) where all the parameters (A f wT ,
Bf wT , A f wD, Bf wD, BonT , ConT , Bo f f T , Co f f T , BrecD, CrecD) can be deduced from the
semiconductor device technical data sheet [8, 9]. Equation (12) can be obtained substituting
equation (11) into the (10). These equations express the instantaneous losses pinv as a function
of semiconductor devices current.




p f wT = vce(ic) · ic

p f wD = vak(i f ) · i f

pswT = [Eon(ic) + Eo f f (ic)] fs

precD = ErecD(id) · fs

pcell = pswT + precD + p f wT + p f wD

(9)

pinv = 6 · pcell (10)




vce(ic) = A f wT + Bf wTic

vak(i f ) = A f wD + Bf wDi f

EonT(ic) = BonTic + ConTi2c
Eo f f T(ic) = Bo f f Tic + Co f f Ti2c
ErecD(i f ) = BrecDi f + CrecDi2f

(11)
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Figure 9. Battery fed three phase inverter

Figure 10. Symbols and definitions for Igbt a) and Diode b).

Figure 11. IGBT current Vs voltage diagram.




p f wT(ic) = A f wTic + Bf wTi2c
p f wD(i f ) = A f wDi f + Bf wDi2f
pswT(ic) = (BonTic + ConTi2c ) fs + (Bo f f Tic + Co f f Ti2c ) fs

precD(i f ) = (BrecDi f + CrecDi2f ) fs

(12)
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Figure 12. Diode current Vs voltage diagram.

Figure 13. IGBT/Diode switching energy vs current.

The instantaneous inverter losses expressions (10) need, in order to be evaluated, the
calculation of the instantaneous alternate three-phase motor current. This fact implies that
the simulation model has to be solved with a very short integration step with a consequent
high computation load and large simulation time. For FEV and HEV power train modeling
purpose such time details and accuracy is not needed but the exact losses calculation is
necessary on a larger time scale. An average approach on an alternate quantities period
can be adopted. In this way a larger time step is enough and the RMS value of alternate
voltage and current can be used. In this method the losses calculation accuracy is assured
and very fast phenomena (evolution during a AC current period T) are neglected. This
approximation is sufficient for vehicle power train modeling and for energy and power flow
analysis. Assuming sinusoidal time dependency for current, as reported in equation (13)
where: IM is the maximum current value, ω = 2π/T is the current angular frequency and
ϕ is the phase angle between motor voltage and current, substituting the (13) into equation
(12) and assuming that i = ic = i f , the instantaneous inverter losses with explicit time
dependence can be obtained. Averaging the losses on an Alternating Current (AC) variables
period T is possible to obtain the losses mean value [10]. The average relationships are
obtained as reported in equation (14) where: Ts is the IGBT switching period, Tdead is the
dead time between high and low side IGBT switch on operation and cos ϕ is the motor
power factor. The total PWM operation cell average losses PPWM are the all terms sum,
while the total averaged inverter losses PinvPWM are reported in equation (15).
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i(t) = IMcos(ωt − ϕ) (13)
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PinvPWM = 6 · PPWM (15)

Since the inverter sub-model receives as input Vs, I, cos ϕ and ω, previously evaluated by
the electric motor model, and Vbatt (the available battery voltage) it can calculate the current
required to the battery iinv and the total inverter losses PPWM. The sequence of equations to
be solved is reported as follows:

1. total power supplied to the motor calculation: PInMot =
√

3Vs Icosϕ;

2. inverter AC phase current max. value calculation: IM =
√

2I;

3. inverter PWM amplitude modulation index calculation: m =
√

2Vs/Vbatt;

4. total inverter averaged losses PinvPWM calculation by means of equation (14) and (15);

5. total inverter input power calculation: PInInv = PInMot + PinvPWM;

6. inverter input current calculation: iinv = PInInv/Vbatt.

5. Electrical motor modeling

The most adopted motors for FEV and HEV are AC induction motors and AC Permanent
Synchronous Magnets Motor (PMSM) regulated by means of a field oriented control or direct
torque control. In this section the models of both motors will be presented using a phase
vector approach [11, 12] and considering the motor field oriented controlled. For both motor
models it is possible to define the input and output variables as follows:

• input: required torque Tre f , instantaneous rotating mechanical speed Ω, battery voltage
Vbatt;
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Figure 12. Diode current Vs voltage diagram.

Figure 13. IGBT/Diode switching energy vs current.
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the electric motor model, and Vbatt (the available battery voltage) it can calculate the current
required to the battery iinv and the total inverter losses PPWM. The sequence of equations to
be solved is reported as follows:

1. total power supplied to the motor calculation: PInMot =
√

3Vs Icosϕ;

2. inverter AC phase current max. value calculation: IM =
√

2I;

3. inverter PWM amplitude modulation index calculation: m =
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2Vs/Vbatt;

4. total inverter averaged losses PinvPWM calculation by means of equation (14) and (15);

5. total inverter input power calculation: PInInv = PInMot + PinvPWM;

6. inverter input current calculation: iinv = PInInv/Vbatt.

5. Electrical motor modeling

The most adopted motors for FEV and HEV are AC induction motors and AC Permanent
Synchronous Magnets Motor (PMSM) regulated by means of a field oriented control or direct
torque control. In this section the models of both motors will be presented using a phase
vector approach [11, 12] and considering the motor field oriented controlled. For both motor
models it is possible to define the input and output variables as follows:

• input: required torque Tre f , instantaneous rotating mechanical speed Ω, battery voltage
Vbatt;
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• output: torque TEM, RMS phase current I, line to line voltage Vs, power factor angle ϕ,
total losses PLossMot, Motor input (PInMot) and output power (Pm), electrical frequency f
and angular frequency ω = 2π f .

For FEV and HEV power train modeling and simulation a complete motor model including
the detailed electromechanical dynamic is not required; it is better to use a steady state model
that consider the controlled motor including all the energetic phenomena (power losses
calculation). The proposed model include also limits and constrains due to the motor power
supplier, which is based on batteries and inverter, such as maximum deliverable voltage,
power and current.

5.1. Induction motor

For the induction motor the steady state equations [13] are reported in equation (16) where
V̄s, Īs and ψ̄r are respectively stator voltage, stator current and rotor flux phasors, Rs, Rr, M,
Lk are respectively stator resistance, rotor resistance, mutual inductance and total leakage
inductance, n is the pole pairs number, TEM is the torque , Īm is the magnetizing current
phasor, Īr is rotor or torque current phasor, Ω is the mechanical angular speed, x is the
relative rotor slip speed, ω is the AC variable angular frequency and j the imaginary unit.
Equation (16) can be represented by means of the equivalent circuit reported in Figure 14.

The three phase motor is modeled using a “rational” approach that correspond to have a
“single phase‘equivalent” model also for energetic relations and torque expression [13]. In
fact the amplitude of current phasor Īs and the stator voltage phasor V̄s are related to the
RMS phase current I and voltage V by means of equation (17). The induction motor model
includes also equation (18) where ψrn is the induction motor rated flux, ωn is the rated motor
angular frequency, PCu and PFe represent respectively the copper and iron losses and QInMot

is the motor reactive input power. Equation (18) allows to calculate all the power terms and
stator quantities to be used as inputs for inverter and battery model.
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Figure 14. Induction motor steady-state equivalent circuit.
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Equations (16) and (18) have to be solved together with equation (19) that define the rotor flux
value as function of the rotating speed Ω and of the rated speed Ωn. Equation (19) represents
the field weakening condition for the induction motor. Furthermore it is also necessary to
control that the torque request Tre f does not exceed the maximum motor torque Tre f Max and
the consequent power request (Tre f · Ω) does not exceed the motor power limit PmotMax (see
equation (20)).




ψr = ψrn if Ω < Ωn

ψr = ψrn
Ωn

Ω
if Ω > Ωn

(19)

�
Tre f = Tre f Max if Tre f > Tre f Max

Tre f = PmotMax/Ω if Tre f · Ω > PmotMax
(20)
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• output: torque TEM, RMS phase current I, line to line voltage Vs, power factor angle ϕ,
total losses PLossMot, Motor input (PInMot) and output power (Pm), electrical frequency f
and angular frequency ω = 2π f .

For FEV and HEV power train modeling and simulation a complete motor model including
the detailed electromechanical dynamic is not required; it is better to use a steady state model
that consider the controlled motor including all the energetic phenomena (power losses
calculation). The proposed model include also limits and constrains due to the motor power
supplier, which is based on batteries and inverter, such as maximum deliverable voltage,
power and current.

5.1. Induction motor

For the induction motor the steady state equations [13] are reported in equation (16) where
V̄s, Īs and ψ̄r are respectively stator voltage, stator current and rotor flux phasors, Rs, Rr, M,
Lk are respectively stator resistance, rotor resistance, mutual inductance and total leakage
inductance, n is the pole pairs number, TEM is the torque , Īm is the magnetizing current
phasor, Īr is rotor or torque current phasor, Ω is the mechanical angular speed, x is the
relative rotor slip speed, ω is the AC variable angular frequency and j the imaginary unit.
Equation (16) can be represented by means of the equivalent circuit reported in Figure 14.

The three phase motor is modeled using a “rational” approach that correspond to have a
“single phase‘equivalent” model also for energetic relations and torque expression [13]. In
fact the amplitude of current phasor Īs and the stator voltage phasor V̄s are related to the
RMS phase current I and voltage V by means of equation (17). The induction motor model
includes also equation (18) where ψrn is the induction motor rated flux, ωn is the rated motor
angular frequency, PCu and PFe represent respectively the copper and iron losses and QInMot

is the motor reactive input power. Equation (18) allows to calculate all the power terms and
stator quantities to be used as inputs for inverter and battery model.
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Īs = Īr + Īm
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Figure 14. Induction motor steady-state equivalent circuit.
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Equations (16) and (18) have to be solved together with equation (19) that define the rotor flux
value as function of the rotating speed Ω and of the rated speed Ωn. Equation (19) represents
the field weakening condition for the induction motor. Furthermore it is also necessary to
control that the torque request Tre f does not exceed the maximum motor torque Tre f Max and
the consequent power request (Tre f · Ω) does not exceed the motor power limit PmotMax (see
equation (20)).
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Moreover the global electrical drive limits verification has to be taken into account in order
to avoid that the requested operating point do not correspond to an allowed condition. The
three conditions to consider are:

1. maximum RMS input current Imax that is related to the inverter current limit (as reported
in equation (21));

2. maximum motor voltage limit VsMax that correspond to the maximum deliverable inverter
voltage for a given battery voltage (as reported in equation (22));

3. the maximum motor input power limit PinMax that is related to the maximum battery
deliverable power (as reported in equation (23)).

These conditions have to be verified and imposed after the calculation of equations (20), (19),
(16) and (18).

I =
Is
√

3
< Imax (21)

Vs < VsMax then VsMax =
Vbatt
√

2
(22)

PInMot < PinMax (23)

The proposed model can be used for off-line map calculation, that can be included in the
simulation model, or calculated directly on-line during the numerical simulation process.
The calculus procedure for induction motor can be summarized as follows:

1. verify if the torque request Tre f is compliant with absolute motor torque and power limit
otherwise saturate Tre f using the (20);

2. solve the field weakening conditions (19);

3. solve the (16), (18) using as input variables TEM = Tre f and Ω;

4. verify the (21), (22) and (23), in order to impose the motor, inverter and battery limitations;

5. if the condition (21) is not respected reduce Tre f , go back to step 3 and iterate;

6. if the condition (22) is not respected reduce ψr, go back to step 3 and iterate;

7. if the condition (23) is not respected reduce Tre f , go back to step 3 and iterate.
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5.2. Permanent magnets synchronous brushless motor

For the Permanent Synchronous Magnets Motor the steady state equation [11] are reported in
equation (24) where: Vd and Vq are the stator voltage phasor V̄s components (V̄s = Vd + jVq),
Id and Iq are the stator current phasor Īs components ( Īs = Id + jIq), Rs is the stator resistance,
Ls is the stator synchronous inductance, ψm is the permanent magnet flux phasor. The other
symbols, TEM, Ω, ω and n assume the same meaning that ones indicated in the induction
motor description.

Equation (24) has to be solved, also in this case, together with equations (25) and (26).
Similarly to the induction motor a pre-process operation on torque request Tre f has to be
implemented in order to impose the respect of torque and power motor limit. Furthermore
the field weakening condition have to be imposed to the motor. It consists in setting the
correct value of Id current [12] by means of equation (27). In fact the current Id can be
maintained equal to zero in the constant torque/flux region and has to be imposed negative
in the field weakening zone. Finally also the limit input conditions have to be taken into
account using the same equations of the induction motor ((21), (22) and (23)).




Vd = Rs Id − ωLs Iq

Vq = Rs Iq + ωLs Id + ψmω

TEM = nψm Iq

Ω =
ω

n

(24)
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ω

ωn
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(25)
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Moreover the global electrical drive limits verification has to be taken into account in order
to avoid that the requested operating point do not correspond to an allowed condition. The
three conditions to consider are:

1. maximum RMS input current Imax that is related to the inverter current limit (as reported
in equation (21));

2. maximum motor voltage limit VsMax that correspond to the maximum deliverable inverter
voltage for a given battery voltage (as reported in equation (22));

3. the maximum motor input power limit PinMax that is related to the maximum battery
deliverable power (as reported in equation (23)).

These conditions have to be verified and imposed after the calculation of equations (20), (19),
(16) and (18).

I =
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√

3
< Imax (21)

Vs < VsMax then VsMax =
Vbatt
√

2
(22)

PInMot < PinMax (23)

The proposed model can be used for off-line map calculation, that can be included in the
simulation model, or calculated directly on-line during the numerical simulation process.
The calculus procedure for induction motor can be summarized as follows:

1. verify if the torque request Tre f is compliant with absolute motor torque and power limit
otherwise saturate Tre f using the (20);

2. solve the field weakening conditions (19);

3. solve the (16), (18) using as input variables TEM = Tre f and Ω;

4. verify the (21), (22) and (23), in order to impose the motor, inverter and battery limitations;

5. if the condition (21) is not respected reduce Tre f , go back to step 3 and iterate;

6. if the condition (22) is not respected reduce ψr, go back to step 3 and iterate;

7. if the condition (23) is not respected reduce Tre f , go back to step 3 and iterate.
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5.2. Permanent magnets synchronous brushless motor

For the Permanent Synchronous Magnets Motor the steady state equation [11] are reported in
equation (24) where: Vd and Vq are the stator voltage phasor V̄s components (V̄s = Vd + jVq),
Id and Iq are the stator current phasor Īs components ( Īs = Id + jIq), Rs is the stator resistance,
Ls is the stator synchronous inductance, ψm is the permanent magnet flux phasor. The other
symbols, TEM, Ω, ω and n assume the same meaning that ones indicated in the induction
motor description.

Equation (24) has to be solved, also in this case, together with equations (25) and (26).
Similarly to the induction motor a pre-process operation on torque request Tre f has to be
implemented in order to impose the respect of torque and power motor limit. Furthermore
the field weakening condition have to be imposed to the motor. It consists in setting the
correct value of Id current [12] by means of equation (27). In fact the current Id can be
maintained equal to zero in the constant torque/flux region and has to be imposed negative
in the field weakening zone. Finally also the limit input conditions have to be taken into
account using the same equations of the induction motor ((21), (22) and (23)).
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Also in this case the model can be used both for off-line map calculation and on-line
numerical simulation process.

The calculus procedure for PMSM can be summarized as follows:

1. verify if the torque request Tre f is compliant with absolute motor torque and power limit
otherwise saturate Tre f using equation (20);

2. solve the field weakening conditions (equation (27));

3. solve equations (24), (25) and (26) using as input TEM = Tre f and Ω;

4. verify equations (21),(22) and (23), in order to impose the motor, inverter and battery
limitation;

5. if the condition (21) is not respected reduce Tre f , go back to step 3 and iterate;

6. if the condition (22) is not respected reduce ψs, go back to step 2 and iterate;

7. if the condition (23) is not respected reduce Tre f , go back to step 3 and iterate.

In Figure 15 is reported, as example, an efficiency map of a 65kW peak power PMSM obtained
by means of the proposed model, for a 2500 kg mass FEV. The per unit efficiency ηEM can
be calculated using equation (28).

ηEM =
Pm

PInMot
(28)
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Figure 15. Efficiency map for a PMSM as function of torque and speed.
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6. Vehicle longitudinal dynamic modeling

In order to reconstruct the energetic power flow between FEV and HEV components a simple

vehcile longitudinal dynamic model has to be considered. In this paragraph the model

will be described considering the most general case constituted by an HEV; the model of

a FEV can be simply deducted neglecting all the ICE contributions. This model receives

as input the torque given by the ICE TICE and by the EM TEM coming from the respective

simulation models and the gear ratio of the mechanical gearbox coming from the pilot model

and calculate the vehicle speed v(t) and distance covered s(t).

As first it is necessary to evaluate the total torque at the wheels Tw as sum of the EM torque

reported at the wheel TEMw with the ICE torque reported at the wheel TICEw. For this all

the reduction ratios and the efficiencies of the transmission chain have to be considered, as

reported in equations (29) and (30), which are specialized for traction condition (29) and for

braking condition (30). In these equations τEM and ητEM are respectively the reduction ratio

of the EM and its efficiency, τICE and ητ ICE are respectively the reduction ratio of the ICE and

its efficiency, τdi f f and ηdi f f are respectively the differential reduction ratio and its efficiency.

�
TEMw = TEM · τEM · τdi f f · ητEM · ηdi f f

TICEw = TICE · τICE · τdi f f · ητ ICE · ηdi f f

(29)




TEMw =
TEM · τEM · τdi f f

ηdi f f · ητEM

TICEw =
TICE · τICE · τdi f f

ητ ICE · ηdi f f

(30)

Usually for an HEV the ICE has a mechanical gearbox with 5 ÷ 7 fixed reduction ratios and

the EM has an unique fixed reduction ration. For this reason the longitudinal dynamic model

receive as input from the driver model the correct gear that has to be considered.

In order to define the longitudinal equivalent dynamic equation it is also necessary to

introduce all the resistance forces acting on the vehicle, as reported in equation (31), where:

m is the total mass of the vehicle, g is the gravitational acceleration, fv is the rolling resistance

coefficient, ρ is the air density, Cx is the aerodynamic penetration coefficient, S is the total

frontal area of the vehicle , α is the slope of the road.

Fres = m · g · fv +
1

2
ρCxSv(t)2

+ m · g · sin α (31)
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Also in this case the model can be used both for off-line map calculation and on-line
numerical simulation process.

The calculus procedure for PMSM can be summarized as follows:

1. verify if the torque request Tre f is compliant with absolute motor torque and power limit
otherwise saturate Tre f using equation (20);

2. solve the field weakening conditions (equation (27));

3. solve equations (24), (25) and (26) using as input TEM = Tre f and Ω;

4. verify equations (21),(22) and (23), in order to impose the motor, inverter and battery
limitation;

5. if the condition (21) is not respected reduce Tre f , go back to step 3 and iterate;

6. if the condition (22) is not respected reduce ψs, go back to step 2 and iterate;

7. if the condition (23) is not respected reduce Tre f , go back to step 3 and iterate.

In Figure 15 is reported, as example, an efficiency map of a 65kW peak power PMSM obtained
by means of the proposed model, for a 2500 kg mass FEV. The per unit efficiency ηEM can
be calculated using equation (28).
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6. Vehicle longitudinal dynamic modeling

In order to reconstruct the energetic power flow between FEV and HEV components a simple

vehcile longitudinal dynamic model has to be considered. In this paragraph the model

will be described considering the most general case constituted by an HEV; the model of

a FEV can be simply deducted neglecting all the ICE contributions. This model receives

as input the torque given by the ICE TICE and by the EM TEM coming from the respective

simulation models and the gear ratio of the mechanical gearbox coming from the pilot model

and calculate the vehicle speed v(t) and distance covered s(t).

As first it is necessary to evaluate the total torque at the wheels Tw as sum of the EM torque

reported at the wheel TEMw with the ICE torque reported at the wheel TICEw. For this all

the reduction ratios and the efficiencies of the transmission chain have to be considered, as

reported in equations (29) and (30), which are specialized for traction condition (29) and for

braking condition (30). In these equations τEM and ητEM are respectively the reduction ratio

of the EM and its efficiency, τICE and ητ ICE are respectively the reduction ratio of the ICE and

its efficiency, τdi f f and ηdi f f are respectively the differential reduction ratio and its efficiency.

�
TEMw = TEM · τEM · τdi f f · ητEM · ηdi f f

TICEw = TICE · τICE · τdi f f · ητ ICE · ηdi f f

(29)




TEMw =
TEM · τEM · τdi f f

ηdi f f · ητEM

TICEw =
TICE · τICE · τdi f f

ητ ICE · ηdi f f

(30)

Usually for an HEV the ICE has a mechanical gearbox with 5 ÷ 7 fixed reduction ratios and

the EM has an unique fixed reduction ration. For this reason the longitudinal dynamic model

receive as input from the driver model the correct gear that has to be considered.

In order to define the longitudinal equivalent dynamic equation it is also necessary to

introduce all the resistance forces acting on the vehicle, as reported in equation (31), where:

m is the total mass of the vehicle, g is the gravitational acceleration, fv is the rolling resistance

coefficient, ρ is the air density, Cx is the aerodynamic penetration coefficient, S is the total

frontal area of the vehicle , α is the slope of the road.

Fres = m · g · fv +
1

2
ρCxSv(t)2

+ m · g · sin α (31)
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Finally it is possible to evaluate the vehicle acceleration a, as reported in equation (32), where
rw is the radius of the vehicle wheels, m∗ represents the equivalent mass of the rotating part
of the vehicle (wheels, rotor, shaft)2.




f =
Tw

rw

a =
Tw/rw − Fres

(m + m∗)

(32)

Using vehicle longitudinal acceleration a from equation (32), it is possible to obtain vehicle
speed and position.

�
v(t) =

� t
0 a(t)dt

s(t) =
� t

0 v(t)dt
(33)

Finally the EM and the ICE speed are obtained as described in equation (34).




Ω =
v(t)τEMτdi f f

rw

ΩICE =
v(t)τICEτdi f f

rw

(34)

7. Auxiliary loads model

7.1. Auxiliary electrical loads

In order to correctly estimate the energy consumption on a FEV it is important to consider
all the auxiliary electrical loads that the traction battery has to fed.

Particularly the low voltage loads (12 or 24Vdc), represented for example by light, circulating
pump, fan and control units, have to be estimated considering an adequate average value
of power consumption during the trip. The energy for these loads is usually delivered by
the traction battery through a DC/DC converter. The battery current iaux can be calculated
with equation (35) using the power consumption Paux of electrical auxiliary loads, the battery
voltage Vbatt from the battery model and the efficiency of the DC/DC converter ηDC/DC.

2 As example the equivalent mass representing the EM inertia referred to the vehicle can be evaluated considering the
following equation.

m∗

EM =

JEMτ
2
EMτ

2
di f f

r2
w
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iaux =
Paux

VbattηDC/DC
(35)

7.2. Pumps

On HEVs and FEVs are usually installed liquid cooled electrical traction devices, in particular
motor and inverter. For this reason auxiliary circulation pumps are needed in order to
guarantee an adequate heat exchange between the components and the cooling fluid.

It is possible to estimate the hydraulic power Phy required for the pump using equation (36),
where ρ is the fluid density, Q the volumetric flow rate, g the gravity constant, h is the
total head of the hydraulic circuit and hl is an equivalent of hydraulic losses expressed in
meter of water column. Usually the term hl , that is responsible of a pressure drop ∆pl , is
preponderant with respect to h and strictly depends from the design of the cooling circuit
into the component.

Phy = ρQg(h + hl) = ρQg

(
h +

∆pl

ρg

)
(36)

At last, using a pump efficiency (ηpump) given by the manufacturer, it is possible to evaluate
the electrical power requirement on the auxiliary load using equation (37).

Pel =
Phy

ηpump
(37)

8. ICE modeling

Since an accurate model of thermal combustion process require a wide knowledge of
ICE design (i.e. intake and exhaust geometry, geometry of cylinder, spark position and
timing, . . . ) a map based model is sufficient in order to estimate the engine fuel consumption
and efficiency on drive cycle with a time scale of hundred of seconds.

The structure of the ICE model receive as input the torque request from the energy
management control and the ICE speed from the longitudinal dynamic model and gives
as output the effective torque TICE, the instantaneous volumetric fuel consumption fc and
the amount of CO2 produced. A global structure of the model is represented in Figure 16.

The maps inserted into the ICE block can be obtained directly from the engine manufacturer;
otherwise they can be obtained through experimentally tests using an engine test bench or
directly on the vehicle using the Controller Area Network (CAN) information. An example
of torque and fuel consumption map referred to the vehicle reported in paragraph 11.1 is
reported in Figures 17 and 18.

For the volume L of fuel present in the tank equation (38) can be used, where L0 represents
the initial volume condition.
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Finally it is possible to evaluate the vehicle acceleration a, as reported in equation (32), where
rw is the radius of the vehicle wheels, m∗ represents the equivalent mass of the rotating part
of the vehicle (wheels, rotor, shaft)2.




f =
Tw

rw

a =
Tw/rw − Fres

(m + m∗)

(32)

Using vehicle longitudinal acceleration a from equation (32), it is possible to obtain vehicle
speed and position.

�
v(t) =

� t
0 a(t)dt

s(t) =
� t

0 v(t)dt
(33)

Finally the EM and the ICE speed are obtained as described in equation (34).




Ω =
v(t)τEMτdi f f

rw

ΩICE =
v(t)τICEτdi f f

rw

(34)

7. Auxiliary loads model

7.1. Auxiliary electrical loads

In order to correctly estimate the energy consumption on a FEV it is important to consider
all the auxiliary electrical loads that the traction battery has to fed.

Particularly the low voltage loads (12 or 24Vdc), represented for example by light, circulating
pump, fan and control units, have to be estimated considering an adequate average value
of power consumption during the trip. The energy for these loads is usually delivered by
the traction battery through a DC/DC converter. The battery current iaux can be calculated
with equation (35) using the power consumption Paux of electrical auxiliary loads, the battery
voltage Vbatt from the battery model and the efficiency of the DC/DC converter ηDC/DC.

2 As example the equivalent mass representing the EM inertia referred to the vehicle can be evaluated considering the
following equation.

m∗

EM =

JEMτ
2
EMτ

2
di f f

r2
w
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iaux =
Paux

VbattηDC/DC
(35)

7.2. Pumps

On HEVs and FEVs are usually installed liquid cooled electrical traction devices, in particular
motor and inverter. For this reason auxiliary circulation pumps are needed in order to
guarantee an adequate heat exchange between the components and the cooling fluid.

It is possible to estimate the hydraulic power Phy required for the pump using equation (36),
where ρ is the fluid density, Q the volumetric flow rate, g the gravity constant, h is the
total head of the hydraulic circuit and hl is an equivalent of hydraulic losses expressed in
meter of water column. Usually the term hl , that is responsible of a pressure drop ∆pl , is
preponderant with respect to h and strictly depends from the design of the cooling circuit
into the component.

Phy = ρQg(h + hl) = ρQg

(
h +

∆pl

ρg

)
(36)

At last, using a pump efficiency (ηpump) given by the manufacturer, it is possible to evaluate
the electrical power requirement on the auxiliary load using equation (37).

Pel =
Phy

ηpump
(37)

8. ICE modeling

Since an accurate model of thermal combustion process require a wide knowledge of
ICE design (i.e. intake and exhaust geometry, geometry of cylinder, spark position and
timing, . . . ) a map based model is sufficient in order to estimate the engine fuel consumption
and efficiency on drive cycle with a time scale of hundred of seconds.

The structure of the ICE model receive as input the torque request from the energy
management control and the ICE speed from the longitudinal dynamic model and gives
as output the effective torque TICE, the instantaneous volumetric fuel consumption fc and
the amount of CO2 produced. A global structure of the model is represented in Figure 16.

The maps inserted into the ICE block can be obtained directly from the engine manufacturer;
otherwise they can be obtained through experimentally tests using an engine test bench or
directly on the vehicle using the Controller Area Network (CAN) information. An example
of torque and fuel consumption map referred to the vehicle reported in paragraph 11.1 is
reported in Figures 17 and 18.

For the volume L of fuel present in the tank equation (38) can be used, where L0 represents
the initial volume condition.
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Figure 16. Block scheme for ICE
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L = L0 −

∫ t

0
fcdt (38)

Other approach for ICE modeling can be settled up using theoretical approaches as reported
in [14].

Finally a rough estimation of the CO2 emission can be established using equation (39), in
which ρC is the average content of carbon in gasoline, MmCO2

is the molar mass of CO2, MmC

is the carbon molar mass and ϕ is a coefficient for incomplete combustion.
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CO2 = fc · ρC ·

MmCO2

MmC
· ϕ (39)

9. Thermal modeling

The different FEV and HEV components and subsystems can be modeled including a simple
thermal equivalent network where each component is considered as an homogeneous body.
The chosen model is a first order lumped parameters thermal network [15] where: Plc

are the total component power losses, Cc is the total thermal capacity, Rc is the total
thermal resistance that represent all the transfer heating phenomena (conduction, convention
and radiation heat transfer), ∆ϑc = ϑc − ϑmean is the temperature difference between the
component inner temperature ϑc and the reference temperature ϑmean. The first order ODE
is reported in equation (40) and the equivalent network is reported in Figure 19.




Plc =
∆ϑc

Rc
+ Cc ·

d∆ϑc

dt
ϑc = ϑmean + ∆ϑc

(40)

If the component is natural-air cooled the reference temperature ϑmean is equal to the ambient
temperature ϑamb. Otherwise, if a forced-air cooling system is adopted, the equivalent
thermal resistance Rc assumes different values as a function of the cooling fan status.
Therefore if the cooling fan is running the Rc = RcON that corresponds to a lower value
than Rc = RcOFF when the fan is stopped. A more sophisticated model can relate the Rc

parameter as a function of the fan speed.
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Figure 16. Block scheme for ICE
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L = L0 −

∫ t

0
fcdt (38)

Other approach for ICE modeling can be settled up using theoretical approaches as reported
in [14].

Finally a rough estimation of the CO2 emission can be established using equation (39), in
which ρC is the average content of carbon in gasoline, MmCO2

is the molar mass of CO2, MmC

is the carbon molar mass and ϕ is a coefficient for incomplete combustion.
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9. Thermal modeling

The different FEV and HEV components and subsystems can be modeled including a simple
thermal equivalent network where each component is considered as an homogeneous body.
The chosen model is a first order lumped parameters thermal network [15] where: Plc

are the total component power losses, Cc is the total thermal capacity, Rc is the total
thermal resistance that represent all the transfer heating phenomena (conduction, convention
and radiation heat transfer), ∆ϑc = ϑc − ϑmean is the temperature difference between the
component inner temperature ϑc and the reference temperature ϑmean. The first order ODE
is reported in equation (40) and the equivalent network is reported in Figure 19.




Plc =
∆ϑc

Rc
+ Cc ·

d∆ϑc

dt
ϑc = ϑmean + ∆ϑc

(40)

If the component is natural-air cooled the reference temperature ϑmean is equal to the ambient
temperature ϑamb. Otherwise, if a forced-air cooling system is adopted, the equivalent
thermal resistance Rc assumes different values as a function of the cooling fan status.
Therefore if the cooling fan is running the Rc = RcON that corresponds to a lower value
than Rc = RcOFF when the fan is stopped. A more sophisticated model can relate the Rc

parameter as a function of the fan speed.
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Figure 19. General component thermal model.

A FEV and HEV liquid-cooling system is often adopted especially for ICE, EM and inverter.
The cooling system is based on an hydraulic circuit where a cooling fluid (usually a 50 % mix
of water and glicole) is pumped into the components to be cooled and in a liquid-air heat
exchanger, wich is usually forced air cooled by means of cooling fans. For these situations the
thermal model of the liquid-based cooling system is to be considered too. Also in this case a
first order ODE reported in equation (41) can be used. The equivalent circuit is reported in
Figure 20 where: Pltot are the sum of the total losses of the components that are liquid-cooled,
Rliq is the equivalent variable thermal resistance of the liquid-air heat exchanger, Cliq is the
liquid cooling system equivalent thermal capacity, ϑliq is the average liquid temperature in
the cooling liquid circuit and ∆ϑliq is the temperature difference between liquid and ambient.

In this case the reference temperature ϑmean for the component thermal model of Figure 19
has to be taken equal to the liquid average temperature (ϑmean = ϑliq). The equivalent liquid
cooling system thermal resistance Rliq is a time-variant parameter since it depends on the
air-liquid heat exchanger cooling fan status. For example can “switch” between two values
if the fan is ON/OFF controlled ( RliqON when fan is on and RliqOFF when is off).




Pltot =
∆ϑliq

Rliq
+ Cliq ·

d∆ϑliq

dt

ϑliq = ϑamb + ∆ϑliq

(41)

10. Driver and energy management control

The model receives as input the drive cycle that the vehicle has to execute; this reference is
given to a pilot model that gives as output a signal representative of driver torque request; the
pilot model acts as a speed closed loop that compares the required speed to the instantaneous
one coming from the vehicle longitudinal dynamic model. Considering the vehicle structure
(hybrid or full electric) and the hybrid control logic, the traction manager control splits the
pilot request of torque between the ICE, the EM and the mechanical brakes, as reported in
Figure 21. In this block, through torque vs speed curves, the required torques, both for the
electrical and for the ICE motor, is saturated to the limit values.
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Figure 20. Radiator dynamic thermal model.

Figure 21. Driver and energy management control block scheme.

At last for the ICE gearbox a simple algorithm to set the correct ratio has to be implemented.
The algorithm increase the gear if the ICE speed ΩICE exceed a certain threshold and decrease
the gear if the speed ΩICE is below a different threshold. It is important to introduce an
hysteresis zone on the speed ΩICE in order to avoid continuous gear shift.

11. Examples

In the current section some results compared with experimental data will be presented.
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Figure 19. General component thermal model.
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of water and glicole) is pumped into the components to be cooled and in a liquid-air heat
exchanger, wich is usually forced air cooled by means of cooling fans. For these situations the
thermal model of the liquid-based cooling system is to be considered too. Also in this case a
first order ODE reported in equation (41) can be used. The equivalent circuit is reported in
Figure 20 where: Pltot are the sum of the total losses of the components that are liquid-cooled,
Rliq is the equivalent variable thermal resistance of the liquid-air heat exchanger, Cliq is the
liquid cooling system equivalent thermal capacity, ϑliq is the average liquid temperature in
the cooling liquid circuit and ∆ϑliq is the temperature difference between liquid and ambient.

In this case the reference temperature ϑmean for the component thermal model of Figure 19
has to be taken equal to the liquid average temperature (ϑmean = ϑliq). The equivalent liquid
cooling system thermal resistance Rliq is a time-variant parameter since it depends on the
air-liquid heat exchanger cooling fan status. For example can “switch” between two values
if the fan is ON/OFF controlled ( RliqON when fan is on and RliqOFF when is off).




Pltot =
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+ Cliq ·

d∆ϑliq
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ϑliq = ϑamb + ∆ϑliq

(41)

10. Driver and energy management control

The model receives as input the drive cycle that the vehicle has to execute; this reference is
given to a pilot model that gives as output a signal representative of driver torque request; the
pilot model acts as a speed closed loop that compares the required speed to the instantaneous
one coming from the vehicle longitudinal dynamic model. Considering the vehicle structure
(hybrid or full electric) and the hybrid control logic, the traction manager control splits the
pilot request of torque between the ICE, the EM and the mechanical brakes, as reported in
Figure 21. In this block, through torque vs speed curves, the required torques, both for the
electrical and for the ICE motor, is saturated to the limit values.
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Figure 20. Radiator dynamic thermal model.

Figure 21. Driver and energy management control block scheme.

At last for the ICE gearbox a simple algorithm to set the correct ratio has to be implemented.
The algorithm increase the gear if the ICE speed ΩICE exceed a certain threshold and decrease
the gear if the speed ΩICE is below a different threshold. It is important to introduce an
hysteresis zone on the speed ΩICE in order to avoid continuous gear shift.

11. Examples

In the current section some results compared with experimental data will be presented.
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11.1. B segment car

In this section a B segment car will be considered; this car, originally propelled only with an
ICE, has been transformed in a PHEV capable to run as a FEV up to 70 km/h and to cover a
driving range of about 40km. The main data of the vehicle are reported in Table 1.

Vehicle data

Vehicle Internal Combustion Engine

Vehicle mass 1100kg Fuel Gasoline
Gearbox ratios 3.90 2.15 1.48 1.12 0.92 Max Torque 102Nm
Final ratio 4.071 Max Power 50kW
Wheel radius 0.27m Total Displacement 1200cc

Table 1. Vehicle data.

11.1.1. Electrical power train simulation

First of all the validation of the vehicle behavior when run as a FEV will be presented. For
this purpose it has been requested to the model to follow the same drive cycle executed using
prototypal vehicle during experimental tests; this drive cycle is reproduced in Figure 22.

Electrical traction system data

Battery Inverter Motor

Element type Li-Ion VDC 80 − 400V Type Induction
Number of elements 60 Typology FOC Peak Power 30kW
Rated Capacity 50Ah Rated Current 234A Rated Speed 2950rpm
Rated Voltage 222V Max Current 352A Rated Voltage 105V
Min. Voltage 252V Aux Supply 12VDC Rated Current 70A
Max. Voltage 192V Cooling Water No Load

Curr.
33.6A

Total Energy 11, 1kWh Pole number 4
Max. Power 30kW Cooling Water

Table 2. Electrical traction system data.
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Figure 23. Electric motor power.

Using the cycle represented in Figure 22 it is possible to validate the battery model in
terms of total voltage vbatt and in terms of current ibatt. The comparison between the
model simulation results and the experimental data is shown in Figures 26 and 27. In
the over mentioned figures it is also reported the energy consumption E evaluated through
the acquired data and through the output of the vehicle’s model. The comparison shows
a good correspondence between the simulation and experimental data; as consequence
the kilometric energy consumption is also well estimated by the model. Furthermore it
is possible to validate the electrical motor model by numerical-experimental comparison
performed considering the output power, as reported in Figure 23, the phase current and
line to line voltage, as reported respectively in Figures 24 and 25.
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Figure 24. Motor phase current.
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11.1. B segment car

In this section a B segment car will be considered; this car, originally propelled only with an
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driving range of about 40km. The main data of the vehicle are reported in Table 1.
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Gearbox ratios 3.90 2.15 1.48 1.12 0.92 Max Torque 102Nm
Final ratio 4.071 Max Power 50kW
Wheel radius 0.27m Total Displacement 1200cc

Table 1. Vehicle data.

11.1.1. Electrical power train simulation

First of all the validation of the vehicle behavior when run as a FEV will be presented. For
this purpose it has been requested to the model to follow the same drive cycle executed using
prototypal vehicle during experimental tests; this drive cycle is reproduced in Figure 22.

Electrical traction system data

Battery Inverter Motor

Element type Li-Ion VDC 80 − 400V Type Induction
Number of elements 60 Typology FOC Peak Power 30kW
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Using the cycle represented in Figure 22 it is possible to validate the battery model in
terms of total voltage vbatt and in terms of current ibatt. The comparison between the
model simulation results and the experimental data is shown in Figures 26 and 27. In
the over mentioned figures it is also reported the energy consumption E evaluated through
the acquired data and through the output of the vehicle’s model. The comparison shows
a good correspondence between the simulation and experimental data; as consequence
the kilometric energy consumption is also well estimated by the model. Furthermore it
is possible to validate the electrical motor model by numerical-experimental comparison
performed considering the output power, as reported in Figure 23, the phase current and
line to line voltage, as reported respectively in Figures 24 and 25.
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Figure 24. Motor phase current.
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11.1.2. Hybrid power train simulation

At last it has been implemented a Start&Stop strategy on the prototypal vehicle. This very
simple strategy ask to the electrical drive traction system to propel the vehicle up to a speed
threshold set to 32 km/h; above this speed threshold the vehicle is propelled by the ICE motor.
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In the upper part of Figure 28 it is shown the drive cycle used to validate the model in the
Start&Stop mode and in the lower part it is shown the torque request repartition between the
electrical motor and the ICE motor.

Finally in Figures 29 and 30 it is reported the comparison of experimental data and simulation
results obtained using the drive cycle and the strategy reported in Figures 28.
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Figure 29. Battery power.
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Figure 30. ICE gasoline flux.

11.2. Commercial vehicle

In this section a full electric commercial van will be considered. Its main characteristics are
reported in Table 3.

As done for the previously described PHEV it has been requested to the simulation model
to cover the same driving cycle executed by the prototypal vehicle (Figure 31).

Finally in Figures 32 and 33 are reported some comparison between simulated data and
experimental ones; in particular Figure 32 refers to the EM torque and Figure 33 refers to the
total battery current ibatt.
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11.1.2. Hybrid power train simulation

At last it has been implemented a Start&Stop strategy on the prototypal vehicle. This very
simple strategy ask to the electrical drive traction system to propel the vehicle up to a speed
threshold set to 32 km/h; above this speed threshold the vehicle is propelled by the ICE motor.
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In the upper part of Figure 28 it is shown the drive cycle used to validate the model in the
Start&Stop mode and in the lower part it is shown the torque request repartition between the
electrical motor and the ICE motor.

Finally in Figures 29 and 30 it is reported the comparison of experimental data and simulation
results obtained using the drive cycle and the strategy reported in Figures 28.
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11.2. Commercial vehicle

In this section a full electric commercial van will be considered. Its main characteristics are
reported in Table 3.

As done for the previously described PHEV it has been requested to the simulation model
to cover the same driving cycle executed by the prototypal vehicle (Figure 31).

Finally in Figures 32 and 33 are reported some comparison between simulated data and
experimental ones; in particular Figure 32 refers to the EM torque and Figure 33 refers to the
total battery current ibatt.
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Full Electric truck data

Vehicle Battery

Vehicle mass 2500kg Element Type Li-Ion
Final ratios 3.75 Number of elements 68
Wheel radius 0.325 Rated Capacity 90Ah
Max weight 3500kg Rated Voltage 217

Inverter Electrical Motor

VDC 80 − 400V Type Induction
Typology FOC Peak Power 60kW
Rated Current 240ARMS Rated Speed 2400rpm
Max Current 350ARMS Rated Voltage 115V
Aux Supply 12VDC Rated Current 200A
Cooling Water No Load Curr. 95A

Pole number 4

Table 3. Electrical traction system data.
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Full Electric truck data

Vehicle Battery

Vehicle mass 2500kg Element Type Li-Ion
Final ratios 3.75 Number of elements 68
Wheel radius 0.325 Rated Capacity 90Ah
Max weight 3500kg Rated Voltage 217

Inverter Electrical Motor

VDC 80 − 400V Type Induction
Typology FOC Peak Power 60kW
Rated Current 240ARMS Rated Speed 2400rpm
Max Current 350ARMS Rated Voltage 115V
Aux Supply 12VDC Rated Current 200A
Cooling Water No Load Curr. 95A

Pole number 4

Table 3. Electrical traction system data.
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1. Introduction

Energy availability and cost is at the heart of today’s political and scientific agenda involving
many economic, ecologic and geopolitical aspects. For instance, the European Council has es‐
tablished the objectives of reducing greenhouse gas emissions by 20%, of increasing the share
of renewable energy to 20% and of improving energy efficiency by 20% by 2020 [1]. On March
2011, the European Commission adopted its new White Paper on Transport policy with a road‐
map of 40 initiatives for the next decade to reduce Europe's dependence on imported oil and
decrease the carbon emissions in transport by 60% by 2050, and in December 2011, has commu‐
nicated the Energy Roadmap 2050 to pave the way to those objectives.

According to the New Policies Scenario, the central scenario of World Energy Outlook 2011
which supposes if recent government policies on energy and climate change are implement‐
ed in a cautious manner, the International Energy Agency, IEA, forecasts that the world pri‐
mary demand for energy will increase by one-third between 2010 and 2035 [2]. The world
Total Primary Energy Supply, TPES (with nearly 87 % coming from fossil fuels in 2009 [3]),
has to fulfill this Demand. It should be noted that in 2009, around 31 % of the TPES was
spent on energy transformation, leaving only about 69 % of TPES for Consumption.

The Total Final Consumption of energy, TFC, in the modern world is also mainly in the form of
fossil fuels and according to the IEA, oil will remain the single largest fuel in the fuel shares of
total final consumption (43.4 % in 2005, 41.3 % in 2009) with transport and power generation
sectors absorbing a growing part of global energy. Indeed, the transports sector alone was re‐
sponsible for 60.3% of the World Oil Consumption in 2005, 60.5 % in 2006, 61.4% in 2008, and
61.74% in 2009, against 45.4% in 1973 [3] [4]. This increasingly fuel consumption and the exis‐
tent or latent conflicts mainly in the Middle East lead to oil shortage fear and price rise [5, 6],
confirmed by the July 2008 crude oil peak prices, around US$150. Besides the price problem,
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there are also very important energy dependence and security concerns as the crude oil come
mainly from Middle East unstable countries [3]. Indeed, even if the past 2008 economic crisis
with the resulting consumption decline, led to a decrease in crude prices, the development and
mobility levels sought and somehow already felt by many developing countries, namely the
Big Emerging Market (BEM) economies, in particular China and India, will put a long term in‐
creasing pressure on the oil consumption, availability and prices [2-4]. We might very likely be
already entering “the last trillion barrels of oil”, as Non-OPEC oil production might have al‐
ready peaked, and OPEC production could follow around 2020 [6].

Another issue is that the mass utilization of Internal Combustion Engine (ICE) vehicles in
the transportation sector also increases pollution emissions, especially Greenhouse Gas
emissions, which must be prevented for the sustainability of the planet and for life quality.
The emissions of ICE vehicles are also one of the major sources of urban pollution, especially
in medium-size and large cities. The high incidence of respiratory problems, allergies, asth‐
mas, and some cancers is an increasing problem leading to public health concerns, as air pol‐
lution contributes definitively to mortality and morbidity. A study conducted in Austria,
France, and Switzerland estimated the impact of outdoor (total) and traffic-related air pollu‐
tion on public health [7]. It concluded that air pollution caused 6% of total mortality or more
than 40000 attributable cases per year. About half of all mortality caused by air pollution
was attributed to motorized traffic, accounting also for: more than 25 000 new cases of
chronic bronchitis (adults); more than 290 000 episodes of bronchitis (children); more than
0.5 million asthma attacks; and more than 16 million person-days of restricted activities. Liv‐
ing in a polluted environment will undoubtedly lead to a lifetime decrease [8]. However,
even living in a usually non polluted environment, a pollution peak can cause an “unexpect‐
ed” increase in deaths and illnesses, like the ones in Europe during summer 2003.

2. Perspectives for sustainable transportation solutions

Due to the prior mentioned issues, there is now a general public awareness for the need for
more economic, ecological and efficient transportation, namely electric vehicles (EVs) and
hybrid electric vehicles (HEVs). Indeed, electric traction is the key to advanced and sustaina‐
ble transports as the electric motor (EM) is much more efficient (typically with 70-90 % effi‐
ciency) than the ICE (10-30 %). This allows a much smaller in vehicle (or Tank-To-Wheel)
energy consumption in vehicles driven by EMs comparatively to ICE vehicles (Fig 1, [9]),
even with those complying with Euro 5 requirements, and makes the HEVs more energy ef‐
ficient and cleaner (Fig. 2) than the ICE vehicles using the same engine technology. The Die‐
sel HEVs promise to be a very effective option.

Here it should be pointed out that even though biomass fuels have much smaller Green‐
house Gas (GHG) emissions than fossil fuels (Fig. 2) its Source-to-Service fuel consumption
is very high (Fig. 1). This should preclude the farmed biomass large scale utilization, contra‐
rily to the news and hopes that have come to public mainly in 2006 and 2007, but had al‐
ready lead to serious food price problems in 2008 due to the food-for-fuel dilemma: to use
land to produce biomass for fuel instead of for food.

New Generation of Electric Vehicles238

Figure 1. Vehicle and Source-to-Service fuel consumption (based on higher heating values of all  chemical energy
carriers).  [9]

Figure 2. Greenhouse Gas Emission for various fuels and powertrain technologies [9].
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The problem here is that the efficiency of photosynthesis is only about 0.40% [10], which is
extremely low. Taking into account the other losses in the fuel chain, the net energy availa‐
ble for electricity production or transportation utilization is even much smaller. For electrici‐
ty it would be much better to use photovoltaic panels (PV): considering a 80% land use, a
12% efficiency in the DC generation from PV array, and 85% for the DC/AC conversion and
transmission, the overall efficiency for photovoltaics is 8.16%, much higher than the overall
efficiency of 0.137% obtained using bio-methane or the 0.074% from bio-hydrogen [10]. Con‐
cerning the energy harvest for transportation, the distance that can be driven with the annu‐
al energy extracted from one hectare of land is nearly 21500 km for Biodiesel, 22500 km for
Bioethanol, and 3250000 km with Electricity from PV (151 and 144 times more, respectively).
So, the problem is not the substitution of gasoline by biofuels but the replacement of ineffi‐
cient ICE by efficient electric motors. [10]

Furthermore, while being basically non pollutant during its lifetime (considering proper bat‐
tery recycling) and highly efficient, EVs are silent and gentle to drive.

Particularly, battery electric vehicles (BEVs) present zero emission of pollutants locally,
which is very important for urban driving. If batteries are recharged using electricity from
some renewable sources, namely wind (Fig. 1 and Fig. 2) or PV, then the differences, relative
to ICE cars, increase and all the potential of the BEVs is shown. For these reasons, it is the
authors’ belief that the future of Sustainable Mobility passes surely by the BEVs supplied
from wind, hydro and PV, or other high efficient and clean renewable energy sources.

It should also be noted that as nowadays only a small percentage of the world electricity is
produced from oil (5.8% in 2006, decreasing to 5.1% in 2009 [3]), there is another advantage
in shifting the share of transports primary energy from oil to electricity, especially if the
electric energy storage devices are charged during the night, using the energy surplus usual‐
ly available in the grid and that can be increased by fostering the public lightning efficiency.

By all that has been presented, at the moment, the future perspectives for Sustainable Trans‐
portation Solutions seem to be [10]-[12]:

• Efficient electric or hybrid-electric cars for commuting and local transport (“Wind-to-
Wheel” efficiency up to 70%);

• Avoidance of hydrogen for ICE and fuel cell vehicles (“Wind-to-Wheel” efficiency of 20%
to 25%);

• Distant land, air and ocean transport with oil or biofuels.

A transition step while looking forward to the ideal solution of Zero Emissions Vehicles, are
the Low Emissions Vehicles, as the HEV, specially the Plug-In Hybrid Electric Vehicles,
PHEV. Several projects and models of EV, HEV and PHEV, including buses, vans and cars,
have been developed in the last few years, resulting in cleaner, more economic and less
noisy vehicles, some of them already available commercially. [13][14]

However, some incentives are still needed to allow electric vehicle (EV) technologies to de‐
velop and become more competitive.
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3. Energy storage in electric vehicles

3.1. The energy storage issue in electric vehicles

To allow EVs to become the effective sustainable transportation solution, a great effort has
to be done in R&D to overcome the major technical issue in EVs: the energy storage.

Typically, EVs store energy in batteries (usually Lead-Acid, NiMH and, more recently, Li-
Ion) that are bulky, heavy and expensive. The specific energy of gasoline is about 12500
Wh/kg (of which only 2000-3000 can be considered useful energy, due to the very low effi‐
ciency of ICE) against typically 40-50 Wh/kg in good lead-acid batteries or 70 Wh/kg in
NiMH, which gives an idea of the volume and weight necessary to store the energy needed
to do the same work. Li-ion batteries have higher specific energy, around 150 Wh/kg but
they are still expensive and some particular Li-ion technologies have safety issues that have
to be carefully addressed. Due to these problems, with current battery technologies it is very
difficult to make a general purpose EV that effectively competes with ICE cars. For massive
deployment of EV, its driving range problem must be solved. [15]-[17]

3.2. Main available energy sources

At present and in the foreseeable future, the viable EVs energy sources are batteries, fuel
cells, SuperCapacitors (SCs) and ultrahigh-speed flywheels.

Batteries are the most mature source for EV application. But they offer either high specific
energy (HSE) or (relatively) high specific power (HSP). Fuel cells are comparatively less ma‐
ture and expensive for EV application. They can offer exceptionally HSE, but with very low
specific power. In spite of some quite expensive prototypes, such low specific power poses
serious problems in their application to EVs that desire a high acceleration rate or high hill
climbing capability. Also, they are incapable of accepting the high peaks of regenerative en‐
ergy during EV braking or downhill driving. SCs have low specific energy for standalone
application. However, they can offer exceptionally HSP (with low specific energy). Fly‐
wheels are still technologically immature for EV application. [18]-[20]

Some recent information on the energy sources can be found for example in [17], [21], [22].

3.3. Multiple energy sources hybridization

For the “full electric” EV the solutions pass by significant progresses in battery technology and
by using different energy sources with optimized management of the energy flow as none of
the available energy sources can easily fulfill alone all the demand of EVs to enable them to
compete with gasoline powered vehicles. In essence, these energy sources have a common
problem: they have either HSE or HSP, but not both. A HSE energy source is favorable for long
driving range, whereas a HSP energy source is desirable for high acceleration rate and high hill
climbing capability. The concept of using and coordinating multiple energy sources to power
the EV is typically denominated hybridization. Hence, the specific advantages of the various EV
energy sources can be fully utilized, leading to optimized energy economy while satisfying the
expected driving range and maintaining other EV performances. [22]-[25]

Multiple Energy Sources Hybridization: The Future of Electric Vehicles?
http://dx.doi.org/10.5772/53359

241



The problem here is that the efficiency of photosynthesis is only about 0.40% [10], which is
extremely low. Taking into account the other losses in the fuel chain, the net energy availa‐
ble for electricity production or transportation utilization is even much smaller. For electrici‐
ty it would be much better to use photovoltaic panels (PV): considering a 80% land use, a
12% efficiency in the DC generation from PV array, and 85% for the DC/AC conversion and
transmission, the overall efficiency for photovoltaics is 8.16%, much higher than the overall
efficiency of 0.137% obtained using bio-methane or the 0.074% from bio-hydrogen [10]. Con‐
cerning the energy harvest for transportation, the distance that can be driven with the annu‐
al energy extracted from one hectare of land is nearly 21500 km for Biodiesel, 22500 km for
Bioethanol, and 3250000 km with Electricity from PV (151 and 144 times more, respectively).
So, the problem is not the substitution of gasoline by biofuels but the replacement of ineffi‐
cient ICE by efficient electric motors. [10]

Furthermore, while being basically non pollutant during its lifetime (considering proper bat‐
tery recycling) and highly efficient, EVs are silent and gentle to drive.

Particularly, battery electric vehicles (BEVs) present zero emission of pollutants locally,
which is very important for urban driving. If batteries are recharged using electricity from
some renewable sources, namely wind (Fig. 1 and Fig. 2) or PV, then the differences, relative
to ICE cars, increase and all the potential of the BEVs is shown. For these reasons, it is the
authors’ belief that the future of Sustainable Mobility passes surely by the BEVs supplied
from wind, hydro and PV, or other high efficient and clean renewable energy sources.

It should also be noted that as nowadays only a small percentage of the world electricity is
produced from oil (5.8% in 2006, decreasing to 5.1% in 2009 [3]), there is another advantage
in shifting the share of transports primary energy from oil to electricity, especially if the
electric energy storage devices are charged during the night, using the energy surplus usual‐
ly available in the grid and that can be increased by fostering the public lightning efficiency.

By all that has been presented, at the moment, the future perspectives for Sustainable Trans‐
portation Solutions seem to be [10]-[12]:

• Efficient electric or hybrid-electric cars for commuting and local transport (“Wind-to-
Wheel” efficiency up to 70%);

• Avoidance of hydrogen for ICE and fuel cell vehicles (“Wind-to-Wheel” efficiency of 20%
to 25%);

• Distant land, air and ocean transport with oil or biofuels.

A transition step while looking forward to the ideal solution of Zero Emissions Vehicles, are
the Low Emissions Vehicles, as the HEV, specially the Plug-In Hybrid Electric Vehicles,
PHEV. Several projects and models of EV, HEV and PHEV, including buses, vans and cars,
have been developed in the last few years, resulting in cleaner, more economic and less
noisy vehicles, some of them already available commercially. [13][14]

However, some incentives are still needed to allow electric vehicle (EV) technologies to de‐
velop and become more competitive.
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3. Energy storage in electric vehicles

3.1. The energy storage issue in electric vehicles

To allow EVs to become the effective sustainable transportation solution, a great effort has
to be done in R&D to overcome the major technical issue in EVs: the energy storage.

Typically, EVs store energy in batteries (usually Lead-Acid, NiMH and, more recently, Li-
Ion) that are bulky, heavy and expensive. The specific energy of gasoline is about 12500
Wh/kg (of which only 2000-3000 can be considered useful energy, due to the very low effi‐
ciency of ICE) against typically 40-50 Wh/kg in good lead-acid batteries or 70 Wh/kg in
NiMH, which gives an idea of the volume and weight necessary to store the energy needed
to do the same work. Li-ion batteries have higher specific energy, around 150 Wh/kg but
they are still expensive and some particular Li-ion technologies have safety issues that have
to be carefully addressed. Due to these problems, with current battery technologies it is very
difficult to make a general purpose EV that effectively competes with ICE cars. For massive
deployment of EV, its driving range problem must be solved. [15]-[17]

3.2. Main available energy sources

At present and in the foreseeable future, the viable EVs energy sources are batteries, fuel
cells, SuperCapacitors (SCs) and ultrahigh-speed flywheels.

Batteries are the most mature source for EV application. But they offer either high specific
energy (HSE) or (relatively) high specific power (HSP). Fuel cells are comparatively less ma‐
ture and expensive for EV application. They can offer exceptionally HSE, but with very low
specific power. In spite of some quite expensive prototypes, such low specific power poses
serious problems in their application to EVs that desire a high acceleration rate or high hill
climbing capability. Also, they are incapable of accepting the high peaks of regenerative en‐
ergy during EV braking or downhill driving. SCs have low specific energy for standalone
application. However, they can offer exceptionally HSP (with low specific energy). Fly‐
wheels are still technologically immature for EV application. [18]-[20]

Some recent information on the energy sources can be found for example in [17], [21], [22].

3.3. Multiple energy sources hybridization

For the “full electric” EV the solutions pass by significant progresses in battery technology and
by using different energy sources with optimized management of the energy flow as none of
the available energy sources can easily fulfill alone all the demand of EVs to enable them to
compete with gasoline powered vehicles. In essence, these energy sources have a common
problem: they have either HSE or HSP, but not both. A HSE energy source is favorable for long
driving range, whereas a HSP energy source is desirable for high acceleration rate and high hill
climbing capability. The concept of using and coordinating multiple energy sources to power
the EV is typically denominated hybridization. Hence, the specific advantages of the various EV
energy sources can be fully utilized, leading to optimized energy economy while satisfying the
expected driving range and maintaining other EV performances. [22]-[25]
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The basic operation of the hybridized system is shown in Fig. 3. In operations that require
high power, as is required during a hard acceleration or traveling up slopes, the two energy
sources provide power to the powertrain system, as shown in Fig. 3 a).

Moreover, in operations that require less power, for example, during travel at constant
speed (cruising), the source with characteristics of high specific energy provides power to
the drive system while simultaneously recharges the second source that only has character‐
istics of high specific power, as shown in Fig. 3 b), to prepare it for new high power demand
situations. In braking and deceleration mode, the regenerative energy will essentially be
stored in the source with high specific power characteristics, particularly the peaks and only
a small, limited to its maximum power value, is absorbed by the source with high specific
energy (see Fig. 3 c)). Thus, to try feeding an EV with only one of these sources with the
same responsiveness as the one described above, the volume, weight and cost of the unique
source would be so large that the system would be incapable of operating properly.

Figure 3. Concept of energy sources hybridization: a) shared power supply; b) power supply and recharging the high
specific power source; c) regenerative energy shared storage.
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Therefore,  the  hybridization  concept  presents  a  scale  economy  using  complementary
feeding systems fusing the sources' advantages and better responds to the drive requests.
For this purpose, any work related to the hybridization concept of EVs should start with
an optimized sizing of the on-board vehicle energy sources, meeting the minimum char‐
acteristic requirements aimed for the EV.

As mentioned in Section 3.2, with the current state of technological development, the fu‐
ture of EVs seems to go through the hybridization of various energy sources. This strat‐
egy  seeks  to  benefit  from  the  best  qualities  of  each  available  energy  source  and  is
especially  useful  in  urban driving.  In  [23],  a  methodology to  optimize the sizing of  the
energy sources for an electric vehicle prototype, using different driving cycles, maximum
speed, a specified acceleration,  energy regeneration and gradeability requests is  present‐
ed.  The  possibility  of  using  a  backup  system  based  on  solar  energy  is  also  studied,
which may be considered in the design or as an extra to cope with unforeseen routines
and to minimize the recharge of energy sources.

3.4. Generated, stored, demanded and available energies

The total energy generated or stored (Wge.st) and demanded (Wdem) over a time period can
be  written  in  terms  of  the  generated  solar,  regenerative  break  and storage  powers  and
the power demand as follows:
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= + +

=

ò
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(1)

where PBat is the power supplied from (or to) the batteries, PPV is the power generated by
a specified PV array, and Preg_SC  is the regenerative break power to be stored by the SCs.
At any moment the available energy, Wavail, is given by

.avail ge st demW W W= - (2)

The values of  Wge.st  and Wdem  and Wavail  should be updated for  small  time steps (for  the
EV VEIL [26,  27] case study presented later in Section 5,  time steps of 1 s were consid‐
ered).  The Wavail  evolution can be  plotted and used to  analyze  the  storage capacity  and
the EV autonomy for a specific drive journey, as will be shown in Section 5.3.3.
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4. EV dynamical model

For the EV model, the mechanical parts, including body and transmission units, and the dy‐
namic and aerodynamic vehicle characteristics have to be considered.

Considering a vehicle of mass, m, (see Fig. 4), the opposing forces to the vehicle motion are:
the rolling resistance force (Frr) due to friction of the vehicle tires on the road; the aerody‐
namic drag force (Fad) caused by the friction of the body moving through the air; and the
climbing force (Fhc) that depends on the road slope. The Fad force is directly derived from aer‐
odynamic theory ignoring the lateral forces.

The total tractive effort is equal to FR and is the sum of the resistive forces, as in (3):

R rr ad hcF F F F= + + (3)

The Frr force is the sum of the rolling resistance force of each wheel, depending on the coeffi‐
cient of rolling resistance (μrr) and of the vehicle mass, as presented in (4). The typical values
for μrr may vary between 0.015, for conventional tires, and 0.005 for tires developed specially
for EV [28].

Figure 4. Forces applied to the vehicle.

The aerodynamic drag force is given by the second term on the right side of equation (4),
where the symbol ρ represents the air density, CD the drag coefficient, AF the frontal projec‐
tion area and VV the vehicle speed relative to the wind [28]. It must also be noted that air
density is variable, as a function of the atmospheric pressure, temperature and hygrometric
conditions, and that the aerodynamic drag is proportional to the square of vehicle velocity.
Thus the power applied to the motor, necessary to overcome FR, increases with the cube of
the speed.
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The weight component of the vehicle relative to the rolling plane angle, expressed in the last
term of (4), corresponds to a force that opposes the motion when climbing, and is a function
of the climbing angle θ and the vehicle mass m.

1 2 sin
2R rr D F VF mg C A V mg= + +m r q (4)

The dynamic behavior of the electrical motor, in the motor referential, considering an ideal
mechanical transmission, is given by

m
m R T

drT F J
i dt

- × = ×
w (5)

The load torque results from a set of vehicle motion resistant forces (FR) in the motor refer‐
ential, considering the wheel radius r, the transmission gearbox ratio, i, ωm is the motor an‐
gular speed and Tm is the motor torque.

The total moment of inertia associated to the vehicle (JT), in the motor referential, is given by
(6), and is equal to the sum of the moments of inertia from electric motor (Jm), wheel (Jr) and
the one associated with the vehicle that is a function of the road characteristics [28].

( )
21 1

2T m r
rJ J J m
i

æ ö
= + + -ç ÷

è ø
e (6)

The moment of inertia corresponding to the mass of the vehicle is the last term in (6), where
ε represents the slipping of the wheels.

The mechanical power needed on the wheels (Pu) is then in the motor referential:

u m mP T= ×w (7)

The formulation presented in (1) to (7) can be and is usually used to study the vehicle power
and energy need from a high-level energy management and sources comparison points of
view [30]-[33].

However, to correctly size the energy sources, all the energy chain with the corresponding
losses need to considered. That is, the efficiency of each one of the components has to be
considered [34]. Therefore, the required electric power (Pe), considering the total efficiency
ηtot of the powertrain (the total efficiency of all the components used between the energy
sources and the wheels see Fig. 8) is given by:

e tot uP P= ×h (8)
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5. Case study

5.1. Hybridization project for VEIL prototype

As previously described, the utilization of multiple energy sources is a well suited solution
to overcome current EV barriers. To study the utilization of multiple energy sources in elec‐
tric vehicles a small electric vehicle is used: at the Electrical Engineering Department of the
Engineering Institute of Coimbra (DEE-ISEC), the authors’ team started the on-going VEIL
project to convert a small Ligier 162 GL, initially with an internal-combustion engine (ICE),
into an electric vehicle (Fig. 5) [26] [27].

Figure 5. VEIL during road tests at ISEC campus.

For the VEIL project prototype, the hybridization of three energy sources was considered to
be viable: a HSE storage system – Batteries –, a HSP system – SCs – and photovoltaic panels,
PV. Fig. 6 shows this hybridization configuration.

Considering the available space, 1300x1100 mm on the rooftop, and 550x1100 mm over the
hood, it is possible to implant 5 selected PVs (cf. Table 2), 4 on the rooftop and 1 on the hood.
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Figure 6. EV project power scheme.

5.2. Test cycles, scenarios and sources

In this work, three different scenarios have been used to study the utilization of different com‐
binations of energy sources, corresponding to typical possible utilizations of a small electric
vehicle and in particular of the VEIL [35]. In the three scenarios three different time periods
were considered: a first displacement in the morning, starting at 7:30 and taking 1.5 h (to get
to work, for instance), a second period where the car is parked outdoor and lasting 8 h, and a
third period equal to the first one, corresponding to the return back home, from 17:00 to 18:30.

The first scenario, Scenario 1, corresponds to a typical routine for mobility in big European
cities with low average speed and very frequent stops and goes. To simulate this behavior
the ECE 15 cycle presented in Fig. 7 a) was used. The travel in the morning consists of a se‐
quence of 27 ECE 15 cycles, corresponding to nearly 27.35 km. The same distance has to be
travelled in the evening to make the way back. Scenario 1 consists then of 27 ECE 15 cycles
during 1.5 h, followed by a period of 8 h parked outdoor, and then again 27 ECE cycles. The
total journey distance is 54.7 km (2 times 27.35 km).

Figure 7. Driving cycle speed versus time: a) ECE 15 urban; b) NEDC and VEIL speed and c) constant 50 km/h

Multiple Energy Sources Hybridization: The Future of Electric Vehicles?
http://dx.doi.org/10.5772/53359

247



5. Case study

5.1. Hybridization project for VEIL prototype

As previously described, the utilization of multiple energy sources is a well suited solution
to overcome current EV barriers. To study the utilization of multiple energy sources in elec‐
tric vehicles a small electric vehicle is used: at the Electrical Engineering Department of the
Engineering Institute of Coimbra (DEE-ISEC), the authors’ team started the on-going VEIL
project to convert a small Ligier 162 GL, initially with an internal-combustion engine (ICE),
into an electric vehicle (Fig. 5) [26] [27].

Figure 5. VEIL during road tests at ISEC campus.

For the VEIL project prototype, the hybridization of three energy sources was considered to
be viable: a HSE storage system – Batteries –, a HSP system – SCs – and photovoltaic panels,
PV. Fig. 6 shows this hybridization configuration.

Considering the available space, 1300x1100 mm on the rooftop, and 550x1100 mm over the
hood, it is possible to implant 5 selected PVs (cf. Table 2), 4 on the rooftop and 1 on the hood.

New Generation of Electric Vehicles246

Figure 6. EV project power scheme.

5.2. Test cycles, scenarios and sources

In this work, three different scenarios have been used to study the utilization of different com‐
binations of energy sources, corresponding to typical possible utilizations of a small electric
vehicle and in particular of the VEIL [35]. In the three scenarios three different time periods
were considered: a first displacement in the morning, starting at 7:30 and taking 1.5 h (to get
to work, for instance), a second period where the car is parked outdoor and lasting 8 h, and a
third period equal to the first one, corresponding to the return back home, from 17:00 to 18:30.

The first scenario, Scenario 1, corresponds to a typical routine for mobility in big European
cities with low average speed and very frequent stops and goes. To simulate this behavior
the ECE 15 cycle presented in Fig. 7 a) was used. The travel in the morning consists of a se‐
quence of 27 ECE 15 cycles, corresponding to nearly 27.35 km. The same distance has to be
travelled in the evening to make the way back. Scenario 1 consists then of 27 ECE 15 cycles
during 1.5 h, followed by a period of 8 h parked outdoor, and then again 27 ECE cycles. The
total journey distance is 54.7 km (2 times 27.35 km).

Figure 7. Driving cycle speed versus time: a) ECE 15 urban; b) NEDC and VEIL speed and c) constant 50 km/h

Multiple Energy Sources Hybridization: The Future of Electric Vehicles?
http://dx.doi.org/10.5772/53359

247



The second scenario, Scenario 2, corresponds to a mix use of urban and sub-urban/extra ur‐
ban driving. It uses the New European Driving Cycle (NEDC), represented in Fig. 7 b),
which consists of the combination of 4 ECE 15 cycles, repeated without interruption, fol‐
lowed by one EUDC cycle, which is limited to 90 km/h for low-powered vehicles. For the
VEIL, which by law is limited to 45 km/h (free driving license car), the maximum vehicle
speed was considered as 50km/h on the flat road. To fulfill the 1.5 h travel in the morning
and in the evening, Scenario 2 uses 4.5 NEDCs totalizing 40.24 km followed by 8 h parked
and again 4.5 NEDCs. The total journey distance is about 80.48 km.

Scenario 3 corresponds to an extra urban utilization at the VEIL full speed that for this kind
of vehicle is limited to 45 km/h. Nevertheless, the study was done considering the slightly
higher speed of 50 km/h, as in Fig. 7 c). In this case, 1.5 h is able to cover a 73.59 km distance
between home and work in the morning and the same distance in the evening, to return
back home (almost 149.18 km, in total).

For the considered test cycles, the request initial-acceleration performances are defined as
accelerating the EV from standstill to 15km/h in 4s, to 32km/h in 22s and 50km/h in 8s, for
the ECE 15 cycle, and from standstill to 50km/h in 14s, for NEDC cycle. The most demand‐
ing situation considered is then the 3rd period of acceleration in the ECE-15 cycle, where it is
necessary to reach 50 km/h in 8s.

For the sources, several different types of batteries were considered with the main characteris‐
tics shown in Table 1, and SCs and PV panels with the characteristics shown in Table 2. The
presented prices in Tables 1 and 2 are only indicative, as they correspond to the market prices
obtained for the project quantities. They might decrease significantly for big quantities.

Battery Manufacturer NVxBS Capacity[Ah]
Total

energy[kWh]

Mass

[kg]

Vol.

[dm3]

Approx. Cost

[€]

Pbacid - 12 x 8 = 96V 27.5 3.95 159.2 69.5 1200

Li-ion SAFT 10.8x9=97.2V 80 7.8 72.0 50.9 (>>18000)

NiMH-VH

module1
SAFT 12 x 8 = 96 V 2 x 13.5(@ 2C) 2.9 48.0 27.2 2200

NiMH-VH

module2,3
SAFT 12 x 8 = 96 V 4 x 13.5(@ 2C) 5.8 96 54.4 4400

Li-ion3 Thunder Sky 3.2 x 30= 96 V 60 (@ 0.3C) 5.76 75.0 45.25 3671

Li-ion3 Thunder Sky 3.2 x 30= 96 V 90 (@ 0.3C) 8.64 96.0 65 4235

NV: nominal voltage; BS: number of batteries in series. For Li-ion, the value “>>18000”, was a 2006 quotation for a
specific battery model; the other values are for new products in the market, end of 2008 prices.

1 Values presented for two battery banks in parallel; 2Values presented for four battery banks in parallel; 3New options
considered for the VEIL project.

Table 1. Previously [30] and new considered batteries to obtain 96 V
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Source Manufacturer
Capacitance

Voltage
Series Parallel Capacity

Operation

Voltage [V]

Total Mass

[kg]

Approx.

Cost [€]

SCs
Maxwell

BMOD0500–E16
500 F / 16 V 5 2 200.0 F 40-65 50 6150

Source Manufacturer

Panel

Dimensions

L x W [mm]

Series Parallel
Warranted

Power [W]

Operation

Voltage

[V]

Total Mass

[kg]

Approx.

Cost [€]

PV Array BP Solar BP MSX 30 616 x 495 5 1 135 84-105 15 1200

Table 2. Characteristics of SCs and PV panels

One particular case corresponds to each type of batteries. Each one of these cases, Case A to
Case F, considers different possible combinations for Batteries (Bat), SCs and PVs, taking in‐
to account the different weights of the sources used, as shown in Table 3.

Case Bat. Type Only Bat. Bat.+SC 1 Bat.+PV Bat.+PV+SC 1

A NiMH VH module (2 banks) 432.0 kg 485.0 kg 447.0 kg 500.0 kg

B Pbacid 543.2 kg 596.2 kg 558.2 kg 611.2 kg

C Li-ion 456.0 kg 509.0 kg 471.0 kg 524.0 kg

D NiMH VH module (4 banks) 480.0 kg 533.0 kg 495.0 kg 548.0 kg

E Li-ion 459.0 kg 512.0 kg 474.0 kg 527.0 kg

F Li-ion 480.0 kg 533.0 kg 495.0 kg 548.0 kg

1A 3 kg weight increase was considered for the SCs DC/DC converter and other associat‐
ed equipment. Cases D-F represent new energy source considered.

Table 3. Vehicle mass with different sources

5.3. Calculation and results

Using the previously presented formulation, several relevant quantities can be calculated.
To implement the model, Matlab/Simulink® was used [36] and the characteristics of the elec‐
trical drive, the transmission ratio of the gearbox (i = 10), the wheel radius (r = 26 cm), the
load vehicle mass (m = 500 kg), the air density (ρ=1.204 kg/m3 @ 20ºC), the drag coefficient
(CD=0.51), the frontal projection area (AF=2.4 m2), the coefficient of rolling resistance (μrr

=0.015), and the total moment of inertia associated to the vehicle (JT=0.53 kg/m2) were taken
into account. The slipping of the wheels, for the control purposes, is not considered.
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For the sources, several different types of batteries were considered with the main characteris‐
tics shown in Table 1, and SCs and PV panels with the characteristics shown in Table 2. The
presented prices in Tables 1 and 2 are only indicative, as they correspond to the market prices
obtained for the project quantities. They might decrease significantly for big quantities.

Battery Manufacturer NVxBS Capacity[Ah]
Total

energy[kWh]

Mass

[kg]

Vol.

[dm3]

Approx. Cost

[€]

Pbacid - 12 x 8 = 96V 27.5 3.95 159.2 69.5 1200

Li-ion SAFT 10.8x9=97.2V 80 7.8 72.0 50.9 (>>18000)

NiMH-VH

module1
SAFT 12 x 8 = 96 V 2 x 13.5(@ 2C) 2.9 48.0 27.2 2200

NiMH-VH

module2,3
SAFT 12 x 8 = 96 V 4 x 13.5(@ 2C) 5.8 96 54.4 4400

Li-ion3 Thunder Sky 3.2 x 30= 96 V 60 (@ 0.3C) 5.76 75.0 45.25 3671

Li-ion3 Thunder Sky 3.2 x 30= 96 V 90 (@ 0.3C) 8.64 96.0 65 4235

NV: nominal voltage; BS: number of batteries in series. For Li-ion, the value “>>18000”, was a 2006 quotation for a
specific battery model; the other values are for new products in the market, end of 2008 prices.

1 Values presented for two battery banks in parallel; 2Values presented for four battery banks in parallel; 3New options
considered for the VEIL project.

Table 1. Previously [30] and new considered batteries to obtain 96 V
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Source Manufacturer
Capacitance

Voltage
Series Parallel Capacity

Operation

Voltage [V]

Total Mass

[kg]

Approx.

Cost [€]

SCs
Maxwell

BMOD0500–E16
500 F / 16 V 5 2 200.0 F 40-65 50 6150

Source Manufacturer

Panel

Dimensions

L x W [mm]

Series Parallel
Warranted

Power [W]

Operation

Voltage

[V]

Total Mass

[kg]

Approx.

Cost [€]

PV Array BP Solar BP MSX 30 616 x 495 5 1 135 84-105 15 1200

Table 2. Characteristics of SCs and PV panels

One particular case corresponds to each type of batteries. Each one of these cases, Case A to
Case F, considers different possible combinations for Batteries (Bat), SCs and PVs, taking in‐
to account the different weights of the sources used, as shown in Table 3.

Case Bat. Type Only Bat. Bat.+SC 1 Bat.+PV Bat.+PV+SC 1

A NiMH VH module (2 banks) 432.0 kg 485.0 kg 447.0 kg 500.0 kg

B Pbacid 543.2 kg 596.2 kg 558.2 kg 611.2 kg

C Li-ion 456.0 kg 509.0 kg 471.0 kg 524.0 kg

D NiMH VH module (4 banks) 480.0 kg 533.0 kg 495.0 kg 548.0 kg

E Li-ion 459.0 kg 512.0 kg 474.0 kg 527.0 kg

F Li-ion 480.0 kg 533.0 kg 495.0 kg 548.0 kg

1A 3 kg weight increase was considered for the SCs DC/DC converter and other associat‐
ed equipment. Cases D-F represent new energy source considered.

Table 3. Vehicle mass with different sources

5.3. Calculation and results

Using the previously presented formulation, several relevant quantities can be calculated.
To implement the model, Matlab/Simulink® was used [36] and the characteristics of the elec‐
trical drive, the transmission ratio of the gearbox (i = 10), the wheel radius (r = 26 cm), the
load vehicle mass (m = 500 kg), the air density (ρ=1.204 kg/m3 @ 20ºC), the drag coefficient
(CD=0.51), the frontal projection area (AF=2.4 m2), the coefficient of rolling resistance (μrr

=0.015), and the total moment of inertia associated to the vehicle (JT=0.53 kg/m2) were taken
into account. The slipping of the wheels, for the control purposes, is not considered.
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5.3.1. Power on the wheels and power in the sources

To properly size the power source to supply the VEIL prototype, the global power chain
should be considered, as shown in Fig. 8, i.e., including the corresponding losses, consider‐
ing the ηtot of the powertrain (all components' efficiency, between the power supply and the
wheels), given by (8).

Figure 8. Power flow diagrams for global system EV: a) Traction Mode; b) Regenerative Mode.

To calculate the power needed from the electric sources, Pe, given by (9), for the VEIL case,
the efficiency of the gearbox (ηgb), the efficiency of the electric motor (ηem), the efficiency of
the Variable Frequency Drive (VFD) (ηVFD) and the efficiency of the DC/DC converter (ηDC)
had to be considered. In traction mode, ηtot in (8) becomes ηtotT given by (9)

totT gb em VFD DC= ´ ´ ´h h h h h (9)

And when the EV is in the breaking mode, to calculate the energy that can be stored in and
recovered from the SCs, the powertrain power (or energy) recover efficiency ηtotR has to take
into account also the efficiency of the SCs (ηSC), both for charge and discharge

2
totR gb em VFD DC SC= ´ ´ ´ ´h h h h h h (10)
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For the VEIL components, the average efficiencies in (9) and (10) are respectively ηtotT =
90%*85%*96%*95% ≈ 70% and ηtotR = 90%*85%*96%*95%*(96%)2 ≈ 65%. These values are not
very different from those expected of a near future typical EV.

This clearly shows the need to carefully choose the components, as all the energy chain effi‐
ciency is strongly influenced by the less efficient component. For example, in Fig. 9 for the
cycle ECE-15, the mechanical power needed on the wheels (“Power Demand”, Pu), given by
(7), the electric power to be supplied by the electric sources (“Electric Power Demand”, Pe),
given by (8) and also the “Total Regenerative Power” available on the wheels and the power
that for the present case study can be recovered from the SCs, the “Effective Regenerative
Power” (about 65% of the Total Regenerative Power available on the wheels), is presented.

Figure 9. ECE 15 power demand and available regenerative power on the wheels and on the power sources.

It is also important to notice that, even though there are not experimental results for all the
cases considered, the simulated results for the electric power demand at 50 km/h constant
speed (zoom on Fig. 9), 4.5 kW, are in very good accordance with the measured ones, 4.3 kW
[27], which validates the model used, for a high level daily energy study. Nevertheless, it
should also be pointed out that to study the system response, a much more detailed study
has to be performed with more accurate component models and smaller time step scales
[38], and to manage the energy sources, a real time multiple energy source monitoring sys‐
tem has to be used [39].
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5.3.2. Study of the efficiency powertrain influence

Using the presented formulation with the different electrical energy source combinations of
PV array, SC and Batteries, and the different scenarios for typical drive journeys, as ex‐
plained in Section 6, the available energy, Wavail, was calculated with (2) for 1 s steps for a
typical 24 h period. As initial conditions, the batteries were considered fully charged and the
SCs completely discharged.

For the solar energy, the average hourly statistics for direct normal solar radiation [Wh/m²]
for the last 30 years at the project location, Coimbra, was used. The PV array efficiency mod‐
el was used to compute the global generated energy by the panels on a typical day of two
different months, November and August, with the minimum and maximum solar radiation,
respectively. To account for the near horizontal position of the PV panels, as well as for
some undesirable aspects like the different solar panels orientation (giving origin to non-
uniform irradiation), and the effects of the buildings and trees shadows, a depreciation of
25% on the normal irradiation was considered. When the car is moving, the PV energy can
be directly used by the powertrain, decreasing the amount of energy supplied by the batter‐
ies. When the car is parked, the PV energy is stored in the batteries. As the charge current,
around 1 A, is much smaller than any of the considered batteries typical charge currents, the
batteries’ losses were neglected. The expected accumulated energy varies between 900 Wh
and 1350 Wh a day, depending on the considered month, and supposing that the driver can
find a sunny and good oriented parking place.

In Fig. 10 the results for Case A and Case C are compared for scenario 1 (2x27xECE 15 cycles)
and with or without considering the efficiency of the components on the power/energy chain.
From the energy management and sources comparison points of view sometimes it is only con‐
sidered the energy at the wheels [30]-[33]. However, as can be seen from these two graphs, for
the sources or autonomy sizing it is fundamental to consider the energy efficiency of all the en‐
ergy chain. For example, from Fig. 10a) it could be said that using only the NiMH batteries and
SCs the travel of work-return home could be accomplished (curve 1, with a slightly positive
value at the end of the journey) but considering the ηtot it can be seen that it is not possible in any
case, not even with the help of the PV panels (curve 2). Comparing curves 1 and 3, it can also be
seen that the influence of the regenerative breaking energy is much smaller (only nearly 65% –
ηtotR – reach and can be extracted from the SCs, and only 70% – ηtotT – of this energy return back to
the wheels, which gives an overall recovery of 45.5%, from wheel-to-wheel for the present EV
components).

5.3.3. Study of possible suitable solutions for the autonomy objectives: 4 NiMH banks (Case D) vs
new Li-ion batteries (Cases E&F)

To study possible suitable solutions for the autonomy objectives, three new solutions were
considered: Case D, where the duplication of the present two NiMH battery banks to four
banks was considered, and Case E and F, using Li-ion batteries that more recently appeared
in the market. The relevant quantities were calculated for all the six cases in Table 3 for each
one of the three considered displacement scenarios, and with and without considering the
components efficiency.
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The Wavail evolution considering ηtot (ηtotT and, when applicable, ηtotR), is presented in Fig. 11
and 12, for Case D and Case F, respectively. These figures contain a lot of information from
where some important conclusions could be extracted. Some of them will now be presented.

The Scenario 1 is the one corresponding to the most likely utilization of a small urban elec‐
tric vehicle. From the Wavail evolution in Fig. 11 a), it can be concluded that even using the
four NiMH small battery packs, it is only possible to drive the vehicle back home for Scenar‐
io 1, using the combination Bat+SCs+PVs. The other two scenarios (Scenarios 2 with 80.5 km,
and 3 with nearly 150 km) are not possible to carry out with these batteries quantity.

For Case F, using a different combination of Li-ion batteries, PV panels and SCs, it can be
concluded from Fig. 12 a) that for Scenario 1, the batteries alone are sufficient to drive the 55
km planned for the journey. However, the batteries would be almost depleted (SOC below
15%), which is dangerous in terms of autonomy reserve or in case of unbalanced batteries,
besides being severe for the batteries life time.

Furthermore, for Case F the values presented for the Li-ion batteries’ capacity are for 0.3C
that implies a 27 A discharge, which is a quite low value; for bigger discharge rates the ca‐
pacity will certainly be significantly lower. It is then concluded that the utilization of PVs or
SCs could overcome these issues. The SCs also will increase the EV dynamic performances;
the batteries’ efficiency and life time are also improved. For the NEDCs in Fig. 12 b), it can
be seen that the chosen batteries alone do not have enough energy and so it is clear that the
best option with that batteries is to use Bat+PV+SCs (even for November, the SOC at the end
of the trip would be around 17 %). However not even with Bat+PV+SCs, is it possible to
drive Scenario 3 with this battery pack.

Figure 10. a) Available energy for Case A (NiMH batteries) and different efficiency consideration; b) Available energy
for Case C (Li-ion batteries) and different efficiency consideration.
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Figure 11. Available energy for Case D (NiMH batteries – Four banks) and 3 different mobility scenarios.

Comparing the graphics a), b) and c) in Fig. 11 and 12, it can also be seen that the relative
importance of the regeneration, i.e. of the SCs, decreases. Indeed, as for the 50 km/h cte
(graphics c), the regenerative braking energy is negligible, and it is also clear that the SCs do
not bring any advantage; in reality, it is the contrary: the weight increase due to the SCs, as‐
sociated electronics and support structures, increases the energy consumption, decreasing
the Wavail relative to the batteries-only solution. It can also be concluded that for extra urban
utilization the correct choice is to add more battery packs. This conclusion is regardless the
batteries or SCs prices.
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Figure 12. Available energy for Case F (Li-ion 90 Ah@ 0.3C) and 3 different mobility scenarios.

Finally, a very important part of the regenerative breaking energy can be recovered using
SCs. In spite of their present high cost, which is expected to decrease in a near future, a gen‐
eral conclusion is that the regenerative braking recovering is particularly important for ur‐
ban traffic. This fundamental aspect implies multiple energy sources hybridization and a
global energy management system.

6. Hierarchical management concept suitable for multiple sources EVs

Recently, some authors [40]-[45] have studied the energy storage management in EVs fo‐
cused on online control and optimization. In [40], the authors use the Energetic Macroscopic
Representation to define and implement different strategies for hybrid energy storage sys‐
tems for EVs. In [42] and [44], stochastic dynamic programming is used to determine an en‐
ergy management strategy for online control of the power flows during operation
considering the stochastic influences of traffic and driver behavior. In [45], an optimal online
power management strategy is developed using machine learning and fuzzy logic in order
to minimize energy sources’ power losses.
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Thereby analyzing the results presented in Section 5.3, it is clear that hybridization of a mul‐
tiple energy sources for electric vehicles presents a set of requirements for a global energy
management system resulting essentially in an energy and power management problem,
with several time scales to define implementable solutions for sharing energy and power be‐
tween the selected sources with different power and energy characteristics.

The management concept is based on the use of all available resources to obtain the desired
result efficiently, which implies an effective use and especially the coordination of all availa‐
ble resources to achieve the objectives with maximum efficiency. Thus, the management
concept focuses on the organization of all processes, from the point of view of long term-
action, always considering the short-term one. Hence, a global process management system
it is necessary that involves different levels to form a strategic vision, defining objectives and
identifying a strategy, which will then be implemented and imposed. From this definition,
there is the applicability of this concept to the energy and power management systems using
multiple energy sources.

6.1. Classic hierarchical management structure

Typically, an overall management structure consists of several levels or layers with a hier‐
archically well-defined chain, as shown in Fig. 13, or even a hierarchical command chain. To
achieve a common goal, several agents or decision processes, at each level of this hierarchy,
are to receive and perform very different tasks, especially with different time, but always
with a collaborative point of view. It is recognized that the highest level of this hierarchy is
mainly responsible for the high level guidelines that influence long-term objectives of the
process. The directives listed in high level management are therefore referred to the decision
process at intermediate level. However, the long-term guidelines, achieved through the im‐
plementation of these directives, do not need to be well defined or known in the subsequent
levels. But it is essential that the intermediate level receive enough information from the
high-level process to make a decision that meets its objectives while respecting the guide‐
lines of the particular level of superior guidance. Likewise, the higher hierarchical level
management does not require detailed information on the particular objectives of the inter‐
mediate level, and how to execute their long-term orientations.

According to the guidelines and restrictions imposed by management level, the medium
level takes decisions almost continuously affecting the system operations based on pre-es‐
tablished policies management. The content of the tactical management level decisions are
more interventionist, which leads to a shorter periodicity decision as compared to the high
level management. Therefore, at a periodic frame, the upper level may rethink its current
strategy and its long-term goals, and as a result, amend its guidelines, which are communi‐
cated to the medium level so that its decisions take place. The update rate of these decisions
is greater than the change rate of the high level guidelines.

The tasks that carry out the implementation of very specific guidelines for a global system
are defined as low level management in classic management hierarchy. The low level man‐
agement takes quick local decisions which directly influence the process using as bounda‐
ries the decisions handed down by the medium level management. The action frequency at
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the operational level, the lowest management level, is much higher than the frequency of re‐
newal decisions of the higher levels.

Figure 13. Classic hierarchical management.

The different decision levels in the hierarchical management structure, shown in Fig. 13,
for a given system or process, enables to clearly define the overall objectives, the frequen‐
cy of decisions (long, medium, and short term) and forms of interaction between the vari‐
ous levels. The modular organization of this strategy approach allows an easy and rapid
modification in each module independently without the process management restructura‐
tion. Each management module is responsible for a specific purpose defined and is strict‐
ly responsible for its decisions and sending decisions/orientations to the down module of
the decision chain.

This hierarchical management structure concept provides a systematic dissemination and si‐
multaneously evaluates the process to manage. Given their different nature, the guidelines,
decisions and implementations will inevitably have different cadence decision, in which
each level shall take its decisions with different cadences, and must be synchronized in time
so that no mismatch can occur between the various modules. Thus, the high level responsi‐
ble for dictating the long-term strategy will have a refresh rate of its objectives slower than
the decision level intermediate tactical maker that will decide several times during one cycle
of the upper module. The lower level has a responsibility to produce reactions in a very
short time, and scarcely have an instant response to any change in the behavior of the proc‐
ess within the guidelines of decision's modules located hierarchically above. Therefore, the
overall process of management is divided into three decision modules with different respon‐
sibilities and different times for the revaluation of its decisions.

The differentiated step concept of the decision based on each decision module is illustrated
in Fig. 14. As shown in this Figure, multiple implementations of the low level module occur
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high-level process to make a decision that meets its objectives while respecting the guide‐
lines of the particular level of superior guidance. Likewise, the higher hierarchical level
management does not require detailed information on the particular objectives of the inter‐
mediate level, and how to execute their long-term orientations.

According to the guidelines and restrictions imposed by management level, the medium
level takes decisions almost continuously affecting the system operations based on pre-es‐
tablished policies management. The content of the tactical management level decisions are
more interventionist, which leads to a shorter periodicity decision as compared to the high
level management. Therefore, at a periodic frame, the upper level may rethink its current
strategy and its long-term goals, and as a result, amend its guidelines, which are communi‐
cated to the medium level so that its decisions take place. The update rate of these decisions
is greater than the change rate of the high level guidelines.

The tasks that carry out the implementation of very specific guidelines for a global system
are defined as low level management in classic management hierarchy. The low level man‐
agement takes quick local decisions which directly influence the process using as bounda‐
ries the decisions handed down by the medium level management. The action frequency at
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the operational level, the lowest management level, is much higher than the frequency of re‐
newal decisions of the higher levels.

Figure 13. Classic hierarchical management.

The different decision levels in the hierarchical management structure, shown in Fig. 13,
for a given system or process, enables to clearly define the overall objectives, the frequen‐
cy of decisions (long, medium, and short term) and forms of interaction between the vari‐
ous levels. The modular organization of this strategy approach allows an easy and rapid
modification in each module independently without the process management restructura‐
tion. Each management module is responsible for a specific purpose defined and is strict‐
ly responsible for its decisions and sending decisions/orientations to the down module of
the decision chain.

This hierarchical management structure concept provides a systematic dissemination and si‐
multaneously evaluates the process to manage. Given their different nature, the guidelines,
decisions and implementations will inevitably have different cadence decision, in which
each level shall take its decisions with different cadences, and must be synchronized in time
so that no mismatch can occur between the various modules. Thus, the high level responsi‐
ble for dictating the long-term strategy will have a refresh rate of its objectives slower than
the decision level intermediate tactical maker that will decide several times during one cycle
of the upper module. The lower level has a responsibility to produce reactions in a very
short time, and scarcely have an instant response to any change in the behavior of the proc‐
ess within the guidelines of decision's modules located hierarchically above. Therefore, the
overall process of management is divided into three decision modules with different respon‐
sibilities and different times for the revaluation of its decisions.

The differentiated step concept of the decision based on each decision module is illustrated
in Fig. 14. As shown in this Figure, multiple implementations of the low level module occur
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before the intermediate level module makes a further decision, and consequently, several
decisions of the same level occur before a new guideline consideration is provided by the
high level module.

6.2. Architecture and hierarchy of the energy management system for hybridized EV

It should be noticed that when applying the hierarchical management to organizations or com‐
panies, a strict schedule time to make decision is not fundamental. However, for the applicabili‐
ty of this concept to the particular problem of multiple energy sources management, the concept
of the classic hierarchical management methodology for a modular management, where deci‐
sions are made in a discrete and deterministic way, is mandatory. This is presented in Fig. 14.

Figure 14. Temporal organization of the decisions in a hierarchical management system.

As evidenced, the modular hierarchical management methodology has various concepts
that can be modeled and adapted to project energy management systems in general and par‐
ticularly to the management of multiple sources. This approach clearly demonstrates that a
global management process with simultaneous objectives (long, medium and short term)
can be divided into several smaller processes, where each process has one or more well de‐
finable tasks. The fact to distinguish perfectly the natural interconnections between the sev‐
eral management modules with different time scales should also be stressed. This structure
has particular interest to the energy management problem of the EV multiple sources, and
this question cannot be dissociated from a correct power sharing of the embedded sources
or energy storage. The closed relationship between the power (P) and the energy (W) due to
those parameters are simply related to each other by a single parameter, the time (t). The
relationship between two quantities is characterized by (12).

P = dW
dt  ⇔W = ∫P dt (11)

From (12), the energy is simply the cumulative use of power over a period of time. Thus, in
a direct way and searching for a solution for the energy and power management, the man‐
agement of energy can be associated to the hierarchically higher one than the power one.
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Based on the presented hierarchical management concept and its adaptability to the multi‐
ple energy sources EV management, a complete on-line energy management system archi‐
tecture for dual-source EV is presented in Fig. 15, with the introduction of different
management levels.

Figure 15. Architecture and hierarchy of the energy management system for a dual-source EV system.

The formulation of the EV energy management problem with multiple sources, with partic‐
ular emphasis on urban circuits, is primarily based on three fundamental objectives for the
correct EV operations. The global results of the management have to maximize the use of the
source that best suits the powertrain power demand answering the driver and route require‐
ments. The listed objectives for this problem are: Long-Term Planning (energy manage‐
ment), responsible for the definition of an overall management strategy to produce a set of
guidelines to consider in the decisions of lower management levels; Short-Term Planning
(power management), whose main function is the definition of actions that will lead the
lower level to produce the reference signals to control and perform the wanted operations,
and finally, the Prompt Execution (operational control), responsible for the control signals
generation in order to implement the guidelines and directives of the two higher levels and
command the power electronic converters. Thus, using a top-down approach, the first objec‐
tive defines a global strategy and therefore defines the guidelines and restrictions that re‐
strict the decision space of the second management level, which together dictate rules to
produce control signals that will control the DC/DC converters [46] [47], as presented in the
blocs diagram of Fig. 15.

Only an approach based on energy and power management through a hierarchical struc‐
ture, using various management modules with different responsibilities, may lead us to ob‐
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tain the good energy efficiency results presented in Section 5.3. These results were achieved
considering an optimized management system for on-line energy and power management.

Although hybridization of multiple sources and energy management topics are still open to
further study, in the present work we attempted to suggest some wide challenges and de‐
scribe new research opportunities in order to obtain an effective energy management system
for multiple energy sources electric vehicle.

7. Conclusions

The emphasis of the presented work is on the multiple energy sources hybridization for
EVs. A comparative study on the impact of the utilization of different energy sources, name‐
ly different types of batteries, SCs and PV panels, for different common scenarios of daily
use was done. The importance of considering the efficiency of all the energy chain in the EV
was also clearly shown.

Simulation results for the VEIL Project powered by a mix of energy sources were presented
and analyzed. At project start, small NiMH modules seemed to be a good option for a typi‐
cal urban utilization. However, with the Li-ion price decrease, some apparently more inter‐
esting solutions appeared in the market. It was shown that the regenerative braking energy
can be quite important in urban driving, together with the PV utilization when a typical
home-work-home journey is forecast, with long outdoor parked periods. This leads to the
need of sources hybridization for urban utilization. Besides the range extension, the PV uti‐
lization can also supplement the long-term batteries self-discharge, and in some cases avoid
the need of a charge during the day, which can be particularly relevant in terms of energy
cost for the EV owner and for grid energy management, especially by decreasing the need
for fast charges. The presented methodology, which is quite simple to apply and extend to
any EV, can be followed for the correct sizing and choice of the energy sources to use, de‐
pending on the assumed utilization, and also to estimate what will be the EV autonomy or
its ability to perform different utilizations. This can be used to customize the EV energy
sources for the client needs and desires.

Finally, to allow effective multiple energy sources hybridization, the architecture of a three
level hierarchic energy management system for a dual-source EV was proposed. This sys‐
tem, with its simulation and hardware implementation has been under development by the
authors showing promising results.

Acknowledgements

This work was supported in part by the Science and Technology Foundation under Grant
SFRH/BD/36094/2007 and project Grant PTDC/EEA-EEL/121284/2010 and FCOMP-01-0124-
FEDER-020391.

New Generation of Electric Vehicles260

Author details

Paulo G. Pereirinha1,2,3 and João P. Trovão1,2

1 Department of Electrical Engineering, Polytechnic Institute of Coimbra, IPC-ISEC, Rua Pe‐
dro Nunes, Coimbra, Portugal

2 Institute for Systems and Computers Engineering at Coimbra - R&D Unit INESC Coimbra,
Rua Antero de Quental 199, Coimbra, Portugal

3 Portuguese Electric Vehicle Association, Lisbon, Portugal

References

[1] Presidency Conclusions, European Council of 8-9 March 2007 (Available in July 2012
at http://ec.europa.eu/archives/european-council/index_en.htm).

[2] IEA, “World Energy Outlook 2011 Factsheet”, OCDE, 2011.

[3] IEA, “Key World Energy Statistics", 2011 edition.

[4] IEA "World Energy Outlook 2010", OCDE, 2010.

[5] James L. Williams, “Oil Price History and Analysis”. (Available in July 2012 at
www.wtrg.com/prices.htm).

[6] Peter R. A. Wells, “The Peak in World Oil Supply”, September 2008. (Available at
“The Last Trillion Barrels”, EV World, Open Access Article Originally Published:
September 27, 2008 www.evworld.com/article.cfm?storyid=1535).

[7] N. Künzli, R. Kaiser, S. Medina, et al., “Public-health impact of outdoor and traffic-
related air pollution: a European assessment”, The Lancet, vol. 356, Issue 9232, pp.
795-801, 2 September 2000.

[8] L. Int Panis, R. Torfs, “Health effects of traffic related air pollution”, Proc. European
Ele-Drive Transportation Conference 2007, EET-2007, 30th May - 1st June 2007, Brus‐
sels, Belgium, in CD-ROM.

[9] Jan H. J. Thijssen, “Viable and Sustainable Energy Strategies Grounded on Source-to-
Service Analyses: A Perspective of the Role of Fuel Cells in Transportation”, Present‐
ed at the Lucerne Fuel Cell Forum 2004.

[10] U. Bossel, “Phenomena, Facts and Physics of a Sustainable Energy Future”, Presenta‐
tion at the European Sustainable Energy Forum, 3 July 2007, Lucerne / Switzerland.

[11] U. Bossel, “Does a Hydrogen Economy Make Sense?”, Proc. of the IEEE, October
2006, pp. 1826-1836.

Multiple Energy Sources Hybridization: The Future of Electric Vehicles?
http://dx.doi.org/10.5772/53359

261



tain the good energy efficiency results presented in Section 5.3. These results were achieved
considering an optimized management system for on-line energy and power management.

Although hybridization of multiple sources and energy management topics are still open to
further study, in the present work we attempted to suggest some wide challenges and de‐
scribe new research opportunities in order to obtain an effective energy management system
for multiple energy sources electric vehicle.

7. Conclusions

The emphasis of the presented work is on the multiple energy sources hybridization for
EVs. A comparative study on the impact of the utilization of different energy sources, name‐
ly different types of batteries, SCs and PV panels, for different common scenarios of daily
use was done. The importance of considering the efficiency of all the energy chain in the EV
was also clearly shown.

Simulation results for the VEIL Project powered by a mix of energy sources were presented
and analyzed. At project start, small NiMH modules seemed to be a good option for a typi‐
cal urban utilization. However, with the Li-ion price decrease, some apparently more inter‐
esting solutions appeared in the market. It was shown that the regenerative braking energy
can be quite important in urban driving, together with the PV utilization when a typical
home-work-home journey is forecast, with long outdoor parked periods. This leads to the
need of sources hybridization for urban utilization. Besides the range extension, the PV uti‐
lization can also supplement the long-term batteries self-discharge, and in some cases avoid
the need of a charge during the day, which can be particularly relevant in terms of energy
cost for the EV owner and for grid energy management, especially by decreasing the need
for fast charges. The presented methodology, which is quite simple to apply and extend to
any EV, can be followed for the correct sizing and choice of the energy sources to use, de‐
pending on the assumed utilization, and also to estimate what will be the EV autonomy or
its ability to perform different utilizations. This can be used to customize the EV energy
sources for the client needs and desires.

Finally, to allow effective multiple energy sources hybridization, the architecture of a three
level hierarchic energy management system for a dual-source EV was proposed. This sys‐
tem, with its simulation and hardware implementation has been under development by the
authors showing promising results.

Acknowledgements

This work was supported in part by the Science and Technology Foundation under Grant
SFRH/BD/36094/2007 and project Grant PTDC/EEA-EEL/121284/2010 and FCOMP-01-0124-
FEDER-020391.

New Generation of Electric Vehicles260

Author details

Paulo G. Pereirinha1,2,3 and João P. Trovão1,2

1 Department of Electrical Engineering, Polytechnic Institute of Coimbra, IPC-ISEC, Rua Pe‐
dro Nunes, Coimbra, Portugal

2 Institute for Systems and Computers Engineering at Coimbra - R&D Unit INESC Coimbra,
Rua Antero de Quental 199, Coimbra, Portugal

3 Portuguese Electric Vehicle Association, Lisbon, Portugal

References

[1] Presidency Conclusions, European Council of 8-9 March 2007 (Available in July 2012
at http://ec.europa.eu/archives/european-council/index_en.htm).

[2] IEA, “World Energy Outlook 2011 Factsheet”, OCDE, 2011.

[3] IEA, “Key World Energy Statistics", 2011 edition.

[4] IEA "World Energy Outlook 2010", OCDE, 2010.

[5] James L. Williams, “Oil Price History and Analysis”. (Available in July 2012 at
www.wtrg.com/prices.htm).

[6] Peter R. A. Wells, “The Peak in World Oil Supply”, September 2008. (Available at
“The Last Trillion Barrels”, EV World, Open Access Article Originally Published:
September 27, 2008 www.evworld.com/article.cfm?storyid=1535).

[7] N. Künzli, R. Kaiser, S. Medina, et al., “Public-health impact of outdoor and traffic-
related air pollution: a European assessment”, The Lancet, vol. 356, Issue 9232, pp.
795-801, 2 September 2000.

[8] L. Int Panis, R. Torfs, “Health effects of traffic related air pollution”, Proc. European
Ele-Drive Transportation Conference 2007, EET-2007, 30th May - 1st June 2007, Brus‐
sels, Belgium, in CD-ROM.

[9] Jan H. J. Thijssen, “Viable and Sustainable Energy Strategies Grounded on Source-to-
Service Analyses: A Perspective of the Role of Fuel Cells in Transportation”, Present‐
ed at the Lucerne Fuel Cell Forum 2004.

[10] U. Bossel, “Phenomena, Facts and Physics of a Sustainable Energy Future”, Presenta‐
tion at the European Sustainable Energy Forum, 3 July 2007, Lucerne / Switzerland.

[11] U. Bossel, “Does a Hydrogen Economy Make Sense?”, Proc. of the IEEE, October
2006, pp. 1826-1836.

Multiple Energy Sources Hybridization: The Future of Electric Vehicles?
http://dx.doi.org/10.5772/53359

261



[12] J. Van Mierlo, G. Maggetto, Ph. Lataire, “Which energy source for road transport in
the future? A comparison of battery, hybrid and fuel cell vehicles”, Energy Conver‐
sion and Management, 47, pp. 2748–2760, October 2006.

[13] P.G. Pereirinha, J.C. Quadrado, J. Esteves, “Sustainable Mobility: Part II – Some Pos‐
sible Solutions Using Electric and Hybrid Vehicles”, CEE´05 – Inter. Conf. on Electri‐
cal Engineering, in CD-ROM, October 2005, Coimbra, Portugal.

[14] Buying guide, Available in July 2012 at www.thechargingpoint.com/buying-
guide.html

[15] Iqbal Husain, “Electric and Hybrid Vehicles. Design Fundamentals”, 2nd Edition,
CRC Press, 2010.

[16] Paulo G. Pereirinha, João P. Trovão, Alekssander Santiago; “Set Up and Test of a
LiFePO4 Battery Bank for Electric Vehicle,” Electrical Review - Przeglad Elektrotech‐
niczny, Warsowa, Polland, ISSN PL 0033-2097, R. 88 NR 1a/2012, pp. 193-197.

[17] Hugo Neves de Melo, João P. Trovão, Paulo G. Pereirinha, “Study of Lithium-Ion
Batteries Usability for Electric Vehicle Powertrain”, Proceedings of the 2011 3rd In‐
ternational Youth Conference on Energetics (IYCE), pp.1-7, 7-9 July 2011.

[18] C. C. Chan, Y.S. Wong, A. Bouscayrol and K. Chen, “Powering Sustainable Mobility:
Roadmaps of Electric, Hybrid and Fuel Cell Vehicles”, Proceedings of the IEEE, April
2009.

[19] A. Burke, “Batteries and Ultracapacitores for Electric, Hybrid, and Fuel Cell Vehicle,
Proceedings of the IEEE, Vol. 95, No. 4, April 2007.

[20] Lukic, S.M., Jian Cao, Bansal, R.C., Rodriguez, F.; Emadi, A., “Energy Storage Sys‐
tems for Automotive Applications”, IEEE Transactions on Industrial Electronics, vol.
55, pp. 2258, Jun 2008.

[21] Mehrdad Ehsani, Ali Emadi, Yimin Gao, Modern Electric, Hybrid Electric, and Fuel
Cell Vehicles Fundamentals, Theory, and Design (2nd Edition), CRC Press, ISBN
978142005398-2, 2009.

[22] A. Khaligh and Z. Li, “Battery, ultracapacitor, fuel-cell, and hybrid energy storage
systems for electric, hybrid electric, fuel cell, and plug-in hybrid electric vehicles:
Stat-of-art,” IEEE Transactions on Vehicular Technology, vol. 59, no. 6, pp.
2806-2814,July 2010.

[23] Trovão, J. P., P. G. Pereirinha, H. M. Jorge. “Design Methodology of Energy Storage
Systems for a Small Electric Vehicle”, World Electric Vehicle Journal Vol. 3 - ISSN
2032-6653, 2009.

[24] R.M. Schupbach, J.C. Balda, M. Zolot; B. Kramer, “Design methodology of a com‐
bined battery-ultracapacitor energy storage unit for vehicle power management”,
Power Electronics Specialist Conf., PESC ´03, IEEE 34th Annual; vol.1, June 2003.

New Generation of Electric Vehicles262

[25] M.J. West, C.M. Bingham, N. Schofield, “Predictive control for energy management
in all/more electric vehicles with multiple energy storage units”, Electric Machines
and Drives Conf., 2003. IEMDC´03. IEEE International; vol. 1, June 2003.

[26] P. G. Pereirinha; J. Trovão; A. Marques; A. Campos; F. Santos; J. Silvestre; M. Silva; P.
Tavares, “The Electric Vehicle VEIL Project: A Modular Platform for Research and
Education”, Proc. of the European Ele-Drive Transportation Conference 2007,
EET-2007, 30th May - 1st June 2007, Brussels, Belgium, in CD-ROM.

[27] Paulo G. Pereirinha, João P. Trovão, L. Marques, M. Silva, J. Silvestre, F. Santos: “Ad‐
vances in the Electric Vehicle Project-VEIL Used as a Modular Platform for Research
and Education”, EVS24 International Battery, Hybrid and Fuel Cell Electric Vehicle
Symposium, Stavanger, Norway, 13-16 May 2009.

[28] Hodkinson, R., Fenton, J.: “Lightweight Electric/Hybrid Vehicle Design”, Society of
Automotive Engineers, 2001.

[29] Hori, Y, Toyoda, Y., Tsuruoka, Y: “Traction Control of Electric Vehicle: Basic Experi‐
mental Results Using the Test EV – UOT Electric March”, IEEE Transactions on In‐
dustry Applications, Vol. 34, n. 5, September/October 1998.

[30] Paulo G. Pereirinha, João P. Trovão, “Comparative study of multiple energy sources
utilization in a small electric vehicle”, 3rd European Ele-Drive Transportation Con‐
ference EET-2008 - Geneva, March 11-13, 2008.

[31] Wu, Y.; Gao, H., “Optimization of Fuel Cell and Supercapacitor for Fuel-Cell Electric
Vehicles”, IEEE Trans. on Veh. Technol., Vol. 55, No. 6, Nov. 2006, pp. 1748-1755.

[32] R. Schupbach and J. Balda, “The role of ultracapacitors in an energy storage unit for
vehicle power management,” Proc. IEEE Veh. Technol. Conf., Orlando, FL, 2003, p.
3236.

[33] J. Bauman, M. Kazerani, “A Comparative Study of Fuel-Cell–Battery, Fuel-Cell–Ul‐
tracapacitor, and Fuel-Cell–Battery–Ultracapacitor Vehicles” IEEE Trans. Veh. Tech‐
nol., vol. 57, pp. 760, March 2007.

[34] W. Gao, “Performance comparison of a fuel cell-battery hybrid powertrain and a fuel
cell–ultracapacitor hybrid powertrain”, IEEE Trans. Veh. Technol., vol. 54, pp. 846,
May 2005.

[35] João P. Trovão; Paulo G. Pereirinha; Humberto M. Jorge; "Analysis of operation
modes for a neighborhood electric vehicle with power sources hybridization," 2010
IEEE Vehicle Power and Propulsion Conference (VPPC), pp.1-6, 1-3 Sept. 2010.

[36] João P. Trovão; Paulo G. Pereirinha; Humberto M. Jorge; "Simulation model and road
tests comparative results of a small urban electric vehicle," 35th Annual Conference
of IEEE Industrial Electronics, 2009. IECON '09, pp.836-841, 3-5 Nov. 2009.

[37] Paulo G. Pereirinha, João P. Trovão, L. Marques, M. Silva, J. Silvestre, F. Santos, “Ad‐
vances in the Electric Vehicle Project-VEIL Used as a Modular Platform for Research

Multiple Energy Sources Hybridization: The Future of Electric Vehicles?
http://dx.doi.org/10.5772/53359

263



[12] J. Van Mierlo, G. Maggetto, Ph. Lataire, “Which energy source for road transport in
the future? A comparison of battery, hybrid and fuel cell vehicles”, Energy Conver‐
sion and Management, 47, pp. 2748–2760, October 2006.

[13] P.G. Pereirinha, J.C. Quadrado, J. Esteves, “Sustainable Mobility: Part II – Some Pos‐
sible Solutions Using Electric and Hybrid Vehicles”, CEE´05 – Inter. Conf. on Electri‐
cal Engineering, in CD-ROM, October 2005, Coimbra, Portugal.

[14] Buying guide, Available in July 2012 at www.thechargingpoint.com/buying-
guide.html

[15] Iqbal Husain, “Electric and Hybrid Vehicles. Design Fundamentals”, 2nd Edition,
CRC Press, 2010.

[16] Paulo G. Pereirinha, João P. Trovão, Alekssander Santiago; “Set Up and Test of a
LiFePO4 Battery Bank for Electric Vehicle,” Electrical Review - Przeglad Elektrotech‐
niczny, Warsowa, Polland, ISSN PL 0033-2097, R. 88 NR 1a/2012, pp. 193-197.

[17] Hugo Neves de Melo, João P. Trovão, Paulo G. Pereirinha, “Study of Lithium-Ion
Batteries Usability for Electric Vehicle Powertrain”, Proceedings of the 2011 3rd In‐
ternational Youth Conference on Energetics (IYCE), pp.1-7, 7-9 July 2011.

[18] C. C. Chan, Y.S. Wong, A. Bouscayrol and K. Chen, “Powering Sustainable Mobility:
Roadmaps of Electric, Hybrid and Fuel Cell Vehicles”, Proceedings of the IEEE, April
2009.

[19] A. Burke, “Batteries and Ultracapacitores for Electric, Hybrid, and Fuel Cell Vehicle,
Proceedings of the IEEE, Vol. 95, No. 4, April 2007.

[20] Lukic, S.M., Jian Cao, Bansal, R.C., Rodriguez, F.; Emadi, A., “Energy Storage Sys‐
tems for Automotive Applications”, IEEE Transactions on Industrial Electronics, vol.
55, pp. 2258, Jun 2008.

[21] Mehrdad Ehsani, Ali Emadi, Yimin Gao, Modern Electric, Hybrid Electric, and Fuel
Cell Vehicles Fundamentals, Theory, and Design (2nd Edition), CRC Press, ISBN
978142005398-2, 2009.

[22] A. Khaligh and Z. Li, “Battery, ultracapacitor, fuel-cell, and hybrid energy storage
systems for electric, hybrid electric, fuel cell, and plug-in hybrid electric vehicles:
Stat-of-art,” IEEE Transactions on Vehicular Technology, vol. 59, no. 6, pp.
2806-2814,July 2010.

[23] Trovão, J. P., P. G. Pereirinha, H. M. Jorge. “Design Methodology of Energy Storage
Systems for a Small Electric Vehicle”, World Electric Vehicle Journal Vol. 3 - ISSN
2032-6653, 2009.

[24] R.M. Schupbach, J.C. Balda, M. Zolot; B. Kramer, “Design methodology of a com‐
bined battery-ultracapacitor energy storage unit for vehicle power management”,
Power Electronics Specialist Conf., PESC ´03, IEEE 34th Annual; vol.1, June 2003.

New Generation of Electric Vehicles262

[25] M.J. West, C.M. Bingham, N. Schofield, “Predictive control for energy management
in all/more electric vehicles with multiple energy storage units”, Electric Machines
and Drives Conf., 2003. IEMDC´03. IEEE International; vol. 1, June 2003.

[26] P. G. Pereirinha; J. Trovão; A. Marques; A. Campos; F. Santos; J. Silvestre; M. Silva; P.
Tavares, “The Electric Vehicle VEIL Project: A Modular Platform for Research and
Education”, Proc. of the European Ele-Drive Transportation Conference 2007,
EET-2007, 30th May - 1st June 2007, Brussels, Belgium, in CD-ROM.

[27] Paulo G. Pereirinha, João P. Trovão, L. Marques, M. Silva, J. Silvestre, F. Santos: “Ad‐
vances in the Electric Vehicle Project-VEIL Used as a Modular Platform for Research
and Education”, EVS24 International Battery, Hybrid and Fuel Cell Electric Vehicle
Symposium, Stavanger, Norway, 13-16 May 2009.

[28] Hodkinson, R., Fenton, J.: “Lightweight Electric/Hybrid Vehicle Design”, Society of
Automotive Engineers, 2001.

[29] Hori, Y, Toyoda, Y., Tsuruoka, Y: “Traction Control of Electric Vehicle: Basic Experi‐
mental Results Using the Test EV – UOT Electric March”, IEEE Transactions on In‐
dustry Applications, Vol. 34, n. 5, September/October 1998.

[30] Paulo G. Pereirinha, João P. Trovão, “Comparative study of multiple energy sources
utilization in a small electric vehicle”, 3rd European Ele-Drive Transportation Con‐
ference EET-2008 - Geneva, March 11-13, 2008.

[31] Wu, Y.; Gao, H., “Optimization of Fuel Cell and Supercapacitor for Fuel-Cell Electric
Vehicles”, IEEE Trans. on Veh. Technol., Vol. 55, No. 6, Nov. 2006, pp. 1748-1755.

[32] R. Schupbach and J. Balda, “The role of ultracapacitors in an energy storage unit for
vehicle power management,” Proc. IEEE Veh. Technol. Conf., Orlando, FL, 2003, p.
3236.

[33] J. Bauman, M. Kazerani, “A Comparative Study of Fuel-Cell–Battery, Fuel-Cell–Ul‐
tracapacitor, and Fuel-Cell–Battery–Ultracapacitor Vehicles” IEEE Trans. Veh. Tech‐
nol., vol. 57, pp. 760, March 2007.

[34] W. Gao, “Performance comparison of a fuel cell-battery hybrid powertrain and a fuel
cell–ultracapacitor hybrid powertrain”, IEEE Trans. Veh. Technol., vol. 54, pp. 846,
May 2005.

[35] João P. Trovão; Paulo G. Pereirinha; Humberto M. Jorge; "Analysis of operation
modes for a neighborhood electric vehicle with power sources hybridization," 2010
IEEE Vehicle Power and Propulsion Conference (VPPC), pp.1-6, 1-3 Sept. 2010.

[36] João P. Trovão; Paulo G. Pereirinha; Humberto M. Jorge; "Simulation model and road
tests comparative results of a small urban electric vehicle," 35th Annual Conference
of IEEE Industrial Electronics, 2009. IECON '09, pp.836-841, 3-5 Nov. 2009.

[37] Paulo G. Pereirinha, João P. Trovão, L. Marques, M. Silva, J. Silvestre, F. Santos, “Ad‐
vances in the Electric Vehicle Project-VEIL Used as a Modular Platform for Research

Multiple Energy Sources Hybridization: The Future of Electric Vehicles?
http://dx.doi.org/10.5772/53359

263



and Education”, EVS24 International Battery, Hybrid and Fuel Cell Electric Vehicle
Symposium, Stavanger, Norway, 13-16 May 2009.

[38] João P. Trovão, Paulo G. Pereirinha, Fernando J. T. E. Ferreira, “Comparative Study
of Different Electric Machines in the Powertrain of a Small Electric Vehicle”, 18th In‐
ternational Conference on Electrical Machines, ICEM'08, Vilamoura, Portugal, 6-9
September 2008.

[39] Marco Silva, João P. Trovão, Paulo Pereirinha, Luís Marques, “Multiple energy sour‐
ces monitoring system for electric vehicle”, 19th International Symposium on Power
Electronics, Electrical Drives, Automation and Motion, SPEEDAM 2008, Ischia, Italy,
11-13 June 2008.

[40] A. L. Allègre, R. Trigui, A. Bouscayrol, Different energy management strategies of
Hybrid Energy Storage System (HESS) using batteries and supercapacitors for vehic‐
ular applications, 6th IEEE Vehicle Power and Propulsion Conference, VPPC 2010,
September 1-3, 2010, Lille, France.

[41] S. Caux, D. Wanderley-Honda, D. Hissel, M. Fadel; On-line energy management for
HEV based on particle swarm optimization, 6th IEEE Vehicle Power and Propulsion
Conference, VPPC 2010, September 1-3, 2010, Lille, France.

[42] C. Bordons, M. A. Ridao, A. Pérez, A. Arce, D. Marcos; Model predictive control for
power management in hybrid fuel cell vehicles, 6th IEEE Vehicle Power and Propul‐
sion Conference, VPPC 2010, September 1-3, 2010, Lille, France.

[43] C. Romaus, K. Gathmann, J. Böcker; Optimal energy management for a hybrid ener‐
gy storage system for EVs based on stochastic dynamic programming, 6th IEEE Vehi‐
cle Power and Propulsion Conference, VPPC 2010, September 1-3, 2010, Lille, France.

[44] Scott J. Moura, Duncan S. Callaway, Hosam K. Fathy, Jeffrey L. Stein, Tradeoffs be‐
tween battery energy capacity and stochastic optimal power management in plug-in
hybrid electric vehicles, Journal of Power Sources, Volume 195, Issue 9, 1 May 2010,
Pages 2979-2988.

[45] Yi L. Murphey, ZhiHang Chen, Leonidas Kiliaris, M. Abul Masrur, Intelligent power
management in a vehicular system with multiple power sources, Journal of Power
Sources, Volume 196, Issue 2, 15 January 2011, Pages 835-846.

[46] R. de Castro, R.; João P. Trovão; P. Pacheco; P. Melo; Paulo G. Pereirinha; R. E. Arau‐
jo; "DC link control for multiple energy sources in electric vehicles," 2011 IEEE Vehi‐
cle Power and Propulsion Conference (VPPC), pp.1-6, 6-9 Sept. 2011.

[47] Mário A. Silva, João P. Trovão, Paulo G. Pereirinha; "Implementation of a multiple
input DC-DC converter for Electric Vehicle power system," Proceedings of the 2011
3rd International Youth Conference on Energetics (IYCE), pp.1-8, 7-9 July 2011.

New Generation of Electric Vehicles264

Chapter 9

Investigation and Analysis
of the Mechanical Behaviors
of the Electric Vehicles

Liang Zheng

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53275

1. Introduction

An electric vehicle (EV), also referred to as an electric drive vehicle, uses one or more electric
motors or traction motors for propulsion. Electric vehicles are being widely developed due
to their better performance than the traditional fuel vehicles in terms of environmental pol‐
lution and energy consumption [1-3]. However, comparing with the traditional petroleum
vehicles, the relatively short driving distance of the electric vehicle is the main hindrance to
prevail. To improve the performance of the electric vehicle and excel the internal combus‐
tion engine vehicles, research and study need to be done. In this chapter, analyses and appli‐
cations are developed to investigate the mechanical behaviors of the electric vehicles such
that the performance of the electric vehicles can be considerably improved.

2. Investigation of the regenerative braking force in electric vehicles

In order to overcome the weakness of the short driving distance, the energy efficiency of the
electric vehicle has to be substantially improved [4]. The regenerative braking technology is
able to convert the excessive kinetic energy of the vehicle into another form, which can be
either used immediately or stored until needed [5]. In this section, the regenerative braking
force is analyzed and an optimized control strategy for the regenerative braking process was
proposed based on the results of the analysis. With the implementation of this optimized
control strategy, the energy efficiency of the electric vehicle can be appreciably improved.
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2.1. Analysis of the regenerative braking force

The amount of recovered energy during the braking process depends on the magnitude of
the regenerative braking force. In order to achieve the maximum amount of recovered ener‐
gy, the forces in the front and rear tires of the vehicle during the braking process should be
analyzed and distributed at the optimal level. Figure 1 represents a schematic of the vehicle
during the braking process in which the deceleration of the vehicle is denoted as j, the gravi‐
tational acceleration is denoted by g and the braking forces in the front and the rear wheels
are denoted as Fxb1 and Fxb2, respectively.

Force Equilibrium yields:
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h hj jb aF mg F mg
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Figure 1. Schematic of the vehicle during the braking process.

In general, there are three different scenarios due to the various distribution of the braking
forces in the front and rear wheels: i) both the front and rear wheels are locked at the same
time; ii) the front wheels are locked whereas the rear wheels are unlocked; and iii) the rear
wheels are locked whereas the front wheels are unlocked.
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The first scenario is the ideal case that has the best braking effect. The relationship between
the forces in the front and rear wheels can be derived and expressed as:

2
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The second scenario is a dangerous case in which the vehicle loses the steering capability
but it won’t be rolled over. The relationship between the forces in the front and rear wheels
in this scenario can be shown as:
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The third scenario is an extremely dangerous case in which a rollover may be occurred. The
relationship between the forces in the front and rear wheels in this case can be derived and
written as:
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Figure 2. Plots represent the relationships between the braking forces in the front and rear wheels.

Based on Eqs. (3)~(5), the relationships between forces in the front and rear wheels of the
electric vehicle in these three different scenarios can be plotted and shown in Fig.2. I curve,
as illustrated with red dark color, represents the first scenario (i.e., the ideal case); the sec‐
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ond scenario is represented by a series of F curves; and R curves represent the third scenario
which is the extremely dangerous case.

The above analysis reveals that the distribution of the braking forces between the front and
rear wheels plays the crucial role on the braking performance of the vehicle. In order to en‐
sure the braking safety of the vehicle, United Nations Economic Commission for Europe
(UNECE) established a regulation (ECE R13) which strictly regulates the distribution range
of the braking forces between the front and rear wheels, as shown in Fig. 3 [6]. The horizon‐
tal axis z represents the braking ratio, and the vertical axis k is the adhesion coefficient be‐
tween the tire and the road in the figure.

Figure 3. Diagram representing the braking requirements stated in ECE R13 [6].

According to ECE R13, the adhesion coefficient needs to satisfy k<(z+0.07)/0.85, which re‐
sults in:
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The braking ratio z can be vanished and it yields:
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In addition, the adhesion coefficient of the rear wheel has to be less than that of the front
wheel to avoid the occurrence of the extremely dangerous scenario. This means:
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The braking ratio z can be cancelled and it becomes:
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which evidently matches with the ideal distribution I curve.

Using Eqs. (7) and (9), the distribution range of the braking forces in front and rear wheels
can be plotted and shown in Fig. 4. It can be seen from Fig. 4 that I curve represents Eq. (9)
and M curve represents Eq. (9). The acceptable braking forces in the front and rear wheels
should be distributed between the range enclosed by I curve and M curve, according to the
technical requirements stated in ECE R13.
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Figure 4. The distribution range of the braking forces in front and rear wheels, satisfying ECE R13.

2.2. An optimized control strategy of the regenerative braking

Based on the analysis developed in the previous section, an optimized control strategy of
the regenerative braking process is proposed in this section. This proposed control strat‐
egy aims at the following three goals: 1) safety of the vehicle braking; 2) maximization of
the  recovered  energy;  3)  a  simple  control  system with  a  low cost  of  manufacturing.  A
front-wheel drive pure electric vehicle is utilized in this research, with the parameters list‐
ed in Table 1.
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2.2. An optimized control strategy of the regenerative braking

Based on the analysis developed in the previous section, an optimized control strategy of
the regenerative braking process is proposed in this section. This proposed control strat‐
egy aims at the following three goals: 1) safety of the vehicle braking; 2) maximization of
the  recovered  energy;  3)  a  simple  control  system with  a  low cost  of  manufacturing.  A
front-wheel drive pure electric vehicle is utilized in this research, with the parameters list‐
ed in Table 1.
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Pure Electric Vehicle

Mass 1144 kg

Drag coefficient 0.335

Height of center of mass 0.5m

Frontal area 2.0 m2

Wheelbase 2.6 m

Coefficient of rolling resistance 0.009

Distance between center of mass and front axle 1.04 m

Radius of the wheel 0.282 m

AC Induction Motor

Nominal power 75 KW

Nominal rotating speed 2640 r/min

Maximum rotating speed 10000 r/min

Maximum torque 271 N·M

Overload factor 1.8

Gear
Gear reduction ratio 6.6732

Main gear reduction ratio 1

Power Lead acid battery pack

Table 1. Parameters of the pure electric vehicle utilized in this research.

The energy due to the regenerative braking can be recovered when the braking rate is be‐
tween 0 and 0.6. No energy will be recovered when the braking rate is higher than 0.6. The
optimal distribution of the braking forces between the front and rear wheels is presented as
the OGFC-I curve shown in Fig. 5.
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Figure 5. Optimized distribution curve of braking forces in front and rear wheels.
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1. 0 < z ≤ 0.16

The braking forces in the front and rear wheels are distributed along the line segment OG.

2. 0.16 < z ≤ 0.455

The braking forces in the front and rear wheels are distributed along the line segment GF.
The line GF1 is tangent to M curve and the equation for GF1 can be expressed as:

2 10.12 219.6xb xbF F= - (10)

In order to keep distant from the M curve that the rear wheel may be locked before the front
wheel which can result in a rollover, one can chose the line segment GF instead of GF1. The
line GF can be presented by:

2 10.15 219.6xb xbF F= - (11)

3. 0.455 <Z ≤ 0.6

The braking forces in the front and rear wheels are distributed along the line segment FC.
With the increase of the braking rate, it quickly approaches to I curve. The line segment FC
can be described as:

2 1
23 35692.8
3xb xbF F= - (12)

4. Z > 0.6

It is the case of emergency braking, the braking forces in the front and rear wheels are dis‐
tributed along the ideal case (as described in I curve).

2.3. Modeling and simulations

Implementing the optimized control strategy in Section III, the controlling module of the
braking force was established and plugged into the commercial software ADVISOR. The
distribution modules of the optimized braking forces in the front and rear wheels are shown
in Fig. 6.

In order to validate this optimized controlling strategy, three drive cycles were used, i.e.,
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Pure Electric Vehicle

Mass 1144 kg

Drag coefficient 0.335

Height of center of mass 0.5m

Frontal area 2.0 m2

Wheelbase 2.6 m

Coefficient of rolling resistance 0.009

Distance between center of mass and front axle 1.04 m

Radius of the wheel 0.282 m

AC Induction Motor

Nominal power 75 KW

Nominal rotating speed 2640 r/min

Maximum rotating speed 10000 r/min

Maximum torque 271 N·M

Overload factor 1.8

Gear
Gear reduction ratio 6.6732

Main gear reduction ratio 1

Power Lead acid battery pack

Table 1. Parameters of the pure electric vehicle utilized in this research.

The energy due to the regenerative braking can be recovered when the braking rate is be‐
tween 0 and 0.6. No energy will be recovered when the braking rate is higher than 0.6. The
optimal distribution of the braking forces between the front and rear wheels is presented as
the OGFC-I curve shown in Fig. 5.
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Figure 5. Optimized distribution curve of braking forces in front and rear wheels.
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1. 0 < z ≤ 0.16

The braking forces in the front and rear wheels are distributed along the line segment OG.

2. 0.16 < z ≤ 0.455

The braking forces in the front and rear wheels are distributed along the line segment GF.
The line GF1 is tangent to M curve and the equation for GF1 can be expressed as:

2 10.12 219.6xb xbF F= - (10)

In order to keep distant from the M curve that the rear wheel may be locked before the front
wheel which can result in a rollover, one can chose the line segment GF instead of GF1. The
line GF can be presented by:

2 10.15 219.6xb xbF F= - (11)

3. 0.455 <Z ≤ 0.6

The braking forces in the front and rear wheels are distributed along the line segment FC.
With the increase of the braking rate, it quickly approaches to I curve. The line segment FC
can be described as:

2 1
23 35692.8
3xb xbF F= - (12)

4. Z > 0.6

It is the case of emergency braking, the braking forces in the front and rear wheels are dis‐
tributed along the ideal case (as described in I curve).

2.3. Modeling and simulations

Implementing the optimized control strategy in Section III, the controlling module of the
braking force was established and plugged into the commercial software ADVISOR. The
distribution modules of the optimized braking forces in the front and rear wheels are shown
in Fig. 6.

In order to validate this optimized controlling strategy, three drive cycles were used, i.e.,
CYC_ARTERIAL, CYC_LA92, and CYC_NYCC. The parameters of these three drive cycles
are listed in Table 2.
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Figure 6. Distribution Modules of the optimized braking forces in the (a) front and (b) rear wheels.

The pure electric vehicle was simulated in these three drive cycles in ADVISOR, using the
optimized control strategy. Then the obtained results were compared with the actual (origi‐
nal) results. Figure 7 represents the comparisons of the two sets of results in CYC_ARTERI‐
AL and CYC_NYCC drive cycles. It can be seen from Fig. 7 that these two sets of results
match very well, meaning that the optimized control strategy did not affect the safety of the
vehicle.

The ADVISOR software has a default control strategy which is easy to operate but can not
recycle much energy due to the regenerative braking. More importantly, the default control
strategy is unable to guarantee a quick and safe stop for the high-speed running vehicle due
to the limited amount of regenerative braking force generated during the braking process.
Here, the results using the optimized control strategy are compared to the results using the
default control strategy provided by ADVISOR.
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Parameters CYC_ARTERIAL CYC_LA92 CYC_NYCC

Time (s) 291 1435 598

Max. speed (km/h) 64.3 108.1 44.58

Avg. speed (km/h) 39.7 39.6 21.4

Max. acceleration (m/s2) 1.07 3.08 2.68

Max. deceleration (m/s2) -2.01 -3.93 -2.64

Avg. acceleration (m/s2) 0.6 0.67 0.62

Avg. deceleration (m/s2) -1.8 -0.75 -0.61

Stops 4 16 18

Driving distance (km) 3.2 15.8 1.9

Table 2. Parameters of three drive cycles

Figure 7. Comparisons of the vehicle speed in (a) CYC_ARTERIAL and (b) CYC_NYCC cycles.
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Firstly, the SOC of the battery is selected to be compared by using these two different con‐
trol strategies. Figure 8 illustrates the comparisons of SOC in CYC_LA92 and CYC_NYCC
drive cycles, using the default and optimized control strategies. It can be seen that the SOC
curve using the optimized control strategy has a flatter slope than the SOC curve using the
default one. It means more electric energy is reserved in the battery and consequently more
kinetic energy can be recovered during the regenerative braking process.

Secondly, the recovered energy during the braking process will be compared using these
two different control strategies. As listed in Tables 3 to 5, the parameters for comparison in‐
clude the consumed energy, the braking energy, the total recovered energy, the energy re‐
covery efficiency, the effective energy recovery efficiency, and the energy efficiency of the
entire vehicle. The optimized control strategy and the default control strategy in ADVISOR
are employed in the three drive cycles.

(a) 

(b) 

Figure 8. Comparisons of SOC in (a) CYC_LA92 and (b) CYC_NYCC cycles, using two different control strategies.
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Parameters Optimized Control Strategy Default Control Strategy

Total Energy Consumption (KJ) 2198 2172

Braking Energy (KJ) 671 671

Recovered Energy (KJ) 409 299

Energy Recovery Efficiency 60.95% 44.56%

Effective Energy Recovery Efficiency 18.6% 13.77%

Energy Efficiency of the entire vehicle 36.5% 34.8%

Table 3. Comparison of the recovered energy in the CYC_ARTERIAL cycle

Parameters Optimized Control Strategy Default Control Strategy

Total Energy Consumption (KJ) 11168 11209

Braking Energy (KJ) 2891 2891

Recovered Energy (KJ) 1740 1066

Energy Recovery Efficiency 60.2% 36.87%

Effective Energy Recovery Efficiency 15.6% 9.5%

Energy Efficiency of the entire vehicle 42.6% 39.6%

Table 4. Comparison of the recovered energy in the CYC_LA92 drive cycle

Parameters Optimized Control Strategy Default Control Strategy

Total Energy Consumption (KJ) 2040 2212

Braking Energy (KJ) 565 565

Recovered Energy (KJ) 277 116

Energy Recovery Efficiency 49.02% 20.53%

Effective Energy Recovery Efficiency 13.6% 5.2%

Energy Efficiency of the entire vehicle 13.5% 11.3%

Table 5. Comparison of the recovered energy in the CYC_NYCC drive cycle
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It can be seen from Tables 3 to 5 that with the use of the optimized control strategy, the pa‐
rameters of all categories have been improved considerably, comparing with the acquired
results using the default control strategy. With the same amount of braking energy, the ener‐
gy recovered from the regenerative braking process has been increased dramatically via the
use of the optimized control strategy, for all three drive cycles. For instance, in the
CYC_NYCC drive cycle, the amount of recovered energy using the optimized control strat‐
egy (i.e., 277 KJ) is more than doubled, comparing to the number (116 KJ) utilizing the de‐
fault control strategy provided by ADVISOR. In addition, the energy efficiency of the entire
vehicle has also been improved for all three drive cycles, via the use of the optimized control
strategy. The largest improvement occurs in the CYC_NYCC drive cycle with the amount of
almost 20% (13.5% vs. 11.3%), with less total energy consumption (2040 KJ vs. 2212 KJ). The
optimized control strategy also prevails over the default control strategy in other categories,
as shown in Tables 3 to 5.

2.4. Summary on the analysis of the regenerative braking Force

In this section, the regenerative braking force was analyzed and the distribution range of the
braking forces in the front and rear wheels was determined to meet the requirements in UN‐
ECE R13. An optimized control strategy of the regenerative braking process was proposed
based on the results of the analysis. The regenerative braking process with the optimized
control strategy is simulated in the commercial software ADVISOR. Three different drive
cycles with real data and the default control strategy in ADVISOR were employed to con‐
duct the comparison. Results of the comparison reveal that the optimized control strategy
prevails over the default control strategy in every category of energy recovery. Comparing
to the default control strategy, this optimized control strategy can improve the energy recov‐
ery efficiency by more than 100% for one drive cycle. This optimized control strategy can
also be used for the hybrid vehicles.

3. Simulation and analysis of Series Hybrid Electric Vehicle (SHEV)

Series-hybrid vehicles are driven by the electric motor with no mechanical connection to the
engine. Unlike piston internal combustion engines, electric motors are efficient with excep‐
tionally high power-to-weight ratios providing adequate torque over a wide speed range. In
a series-hybrid system, the combustion engine drives an electric generator instead of direct‐
ly driving the wheels. The generator provides power for the driving electric motors [7].
However, the efficiency of the engine and the working condition of the battery have to be
considerably improved to make the series hybrid electric vehicles more competitive in the
industry. In order to improve the efficiency of the engine and make the battery work in the
better condition, analyses and simulations need to be developed and an optimized control
strategy has to be obtained and utilized.
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3.1. Control strategy for SHEVs

3.1.1. Operation mode for SHEVs

A typical power control flow for SHEVs can be described by the following four kinds of op‐
eration modes, as shown in Fig. 9 [8].

Figure 9. A typical power control flow for SHEVs.

When a SHEV starts to run, the engine outputs the electrical energy via the generator and
the battery, transmits the energy to the converter, which drives the motors, ultimately drive
wheels through the mechanical transmission devices; When the vehicle is underloaded, the
power outputted by the engine is more than the vehicle needs, then the excessive energy is
utilized to recharge the battery via the generator, until the SOC reaches the predetermined
limit; When the vehicle is braking or decelerating, the motor converts the kinetic energy into
the electrical energy, recharging the battery through the power converter; When the vehicle
stops, the engine can recharge the battery through generators and power converters.

3.1.2. Control strategy for SHEVs

During the SHEV automobile working process, it often happens that energies from two or
more sources superimpose. The main purpose of the correct matching of SHEV powertrain
is to rationally determine the operating characteristics of the engine and its power distribu‐
tion and energy balance with the energy storage device. By controlling the working status of
various energy sources, the energy conversion efficiency can be improved, the loss due to
energy transmission can be reduced, and ultimately the energy can be utilized in a maxi‐
mum way for SHEVs.

The general control strategy for SHEVs is developed normally based on the parameters such
as battery SOC, the driver's accelerator pedal position, the wheel speed and the average
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power of the driving wheel; then the engine and electric motor generate the corresponding
torque to meet the requirements of the driving torque for the driving wheel. Commonly
used control strategies include "thermostat" and "power follower" [9], where the power fol‐
lower strategy are described as follows:

1. When the battery SOC is greater than the upper limit of SOCmax, the engine stops work‐
ing, but when the power demand of vehicle is too large, the engine needs to be restarted;

2. When the battery SOC is less than the lower limit SOCmin, the engine needs to get to work;

3. When the engine works, its power output should not only follow the changes of the
power demand of the vehicle, but keep the battery SOC around the middle value of its
working range;

4. While he engine is working, its output power should not be too small or too large in
order to ensure high efficiency.

In this research, parameters are controlled to determine the energy flow of SHEVs, so that
the control strategy of "power follower + thermostat" is designed. The general logic control
flow is shown in Fig. 10.
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Figure 10. General logic control.
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3.1.3. SIMULINK/stateflow control process

Based on the above analysis, one can establish the vehicle control systems in the SIMULINK/
Stateflow based on the energy flow of vehicles. Modeling in the SIMULINK/Stateflow, one
can not only avoid the complex programming in MATLAB, but omit the direct construction
of control frame in the SIMULINK. Furthermore, the status flow in Stateflow can explicitly
represent the control process with figures, so that the control can be precisely achieved.
Based on the above analysis and the energy flow analysis and control chart, the control flow
designed in the SIMULINK/Stateflow is shown in Fig. 11.

Figure 11. Stateflow control process.

The kernel part of this design is the driving component, which is shown Fig. 12.

Figure 12. Status Flow of the Driving Component.

Investigation and Analysis of the Mechanical Behaviors of the Electric Vehicles
http://dx.doi.org/10.5772/53275

279



power of the driving wheel; then the engine and electric motor generate the corresponding
torque to meet the requirements of the driving torque for the driving wheel. Commonly
used control strategies include "thermostat" and "power follower" [9], where the power fol‐
lower strategy are described as follows:

1. When the battery SOC is greater than the upper limit of SOCmax, the engine stops work‐
ing, but when the power demand of vehicle is too large, the engine needs to be restarted;

2. When the battery SOC is less than the lower limit SOCmin, the engine needs to get to work;

3. When the engine works, its power output should not only follow the changes of the
power demand of the vehicle, but keep the battery SOC around the middle value of its
working range;

4. While he engine is working, its output power should not be too small or too large in
order to ensure high efficiency.

In this research, parameters are controlled to determine the energy flow of SHEVs, so that
the control strategy of "power follower + thermostat" is designed. The general logic control
flow is shown in Fig. 10.

  

K e y_ A C C = 1

A p p > 0  ?  
N R D _ s g n > 0

        
      /   

      

        
    

K e y _ s t a r t= 1 ?

Y e s

Y e s

    

N o  

N o  

Y e s  

    > 0 ?

    

N o

    

Y e s

  = 0 ?

Y e s  

N o  

    N o

K e y_ O F F = 1

STOP

Malfunction 
Warning

Check 
Connection

Parking Mode

Driving Mode Braking Mode

Motor Start

Braking > 0 ?

Speed = 0 ?

  

K e y_ A C C = 1

A p p > 0  ?  
N R D _ s g n > 0

        
      /   

      

        
    

K e y _ s t a r t= 1 ?

Y e s

Y e s

    

N o  

N o  

Y e s  

    > 0 ?

    

N o

    

Y e s

  = 0 ?

Y e s  

N o  

    N o

K e y_ O F F = 1

STOP

Malfunction 
Warning

Check 
Connection

Parking Mode

Driving Mode Braking Mode

Motor Start

Braking > 0 ?

Speed = 0 ?

Figure 10. General logic control.

New Generation of Electric Vehicles278

3.1.3. SIMULINK/stateflow control process

Based on the above analysis, one can establish the vehicle control systems in the SIMULINK/
Stateflow based on the energy flow of vehicles. Modeling in the SIMULINK/Stateflow, one
can not only avoid the complex programming in MATLAB, but omit the direct construction
of control frame in the SIMULINK. Furthermore, the status flow in Stateflow can explicitly
represent the control process with figures, so that the control can be precisely achieved.
Based on the above analysis and the energy flow analysis and control chart, the control flow
designed in the SIMULINK/Stateflow is shown in Fig. 11.

Figure 11. Stateflow control process.

The kernel part of this design is the driving component, which is shown Fig. 12.

Figure 12. Status Flow of the Driving Component.

Investigation and Analysis of the Mechanical Behaviors of the Electric Vehicles
http://dx.doi.org/10.5772/53275

279



3.2. Simulations of SHEVs

ADVISOR employs a unique hybrid simulation method, which mixes the backward simula‐
tion and the forward simulation, with the backward simulation as the primary one and for‐
ward simulation as the auxiliary one [10]. It first carries on the backward simulation along
with the opposite direction to the actual power flow, making the request of the needed
speed and torque to the vehicle model according to requirement of the path circulation.
Then the vehicle model delivers the request to the wheel and the axle module, to the main
gearbox module, to the transmission gearbox module and so on, until the request is deliv‐
ered to the power supply module, then the power provided by the power supply can be cal‐
culated. Next, it carries on the forward simulation; a stepwise computation will be
developed along the actual direction of the power flow, until the automobile's real speed is
determined.

3.2.1. Power matching of various parts of vehicles

3.2.1.1. Power selection for engines

SHEVs have the similar requirements to ordinary vehicles on dynamic performance, and
continuous driving distance has to be independent of battery capacity, thus the engine's
maximum output power needs to satisfy [11]:
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where Pemax is the maximum output power of the engine; ηgc is the power conversion effi‐
ciency; ηmc is motor efficiency; νamax is average driving speed; m is the vehicle mass; g is the
acceleration due to gravity; f is the rolling resistance coefficient; CD is the air resistance coef‐
ficient; A is the windward area.

Table 6 lists the parameters for the SHEV engine.

Maximum Rotating Speed Normal Rated Power / Rotating Speed Maximum Torque / Rotating Speed

4200 rpm 96 kw / 4200 rpm 300 N-m / 3000 rpm

Table 6. SHEV Engine Parameters

3.2.1.2. Selection of parameters for motors

Parameters of the motor should be chosen to meet the requirements of a wide range of vehi‐
cle speed and load variation. The to-be-determined parameters mainly include the low-
speed constant power Pmr, rated speed of motor nmr, max. speed of motor vmmax and rated
voltage of motor Vmr.
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Rated speed and maximum speed of motor: the maximum speed has an impact on the size
of the transmission system and rated torque of motor, where the rated speed of the motor
can be expressed as:

max /mr mn n b= (14)

where β is the ratio between the maximum speed and rated speed of the motor, also known
as the coefficient of expanded constant power zone of the motor. Usually this coefficient is
chosen from 4 ~ 6.

Rated power, maximum power of Motor: for SHEVs, the selection of power parameters for
the motor must meet the performance requirements. In a road with good condition, the ve‐
hicle's power balance equation can be written as follows [12]:
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where T is the time for the speed accelerated from 0 to v; δ is the spinning mass conversion
factor; F is the driving force; Fw is the air resistance; and Ff is rolling resistance.

The climbing capacity of a vehicle can be represented by the angle of the slope that the vehi‐
cle can climb under a certain speed, which is described as [13]:
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where, α is the slope angle; mg is weight of the vehicle, and f is rolling resistance coefficient.

According to the situation with acceleration and the situation with the highest speed, the
needed power can be calculated for the running vehicle. Next, according to the maximum
calculated value, considering the transmission efficiency, the power for the electric motor
can be preliminarily determined. Then this value can be substituted back to the above two
equations for verification. Once the maximum power of the motor is determined, the rated
power of the electric motor can be calculated according to the equation below:
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in which, Pon is the rated power of the electric motor; Pm max is the maximum power of the
electric motor; λ is overload factor of the electric motor.

Table 7 lists the parameters of the motor for SHEVs.
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3.2. Simulations of SHEVs
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where Pemax is the maximum output power of the engine; ηgc is the power conversion effi‐
ciency; ηmc is motor efficiency; νamax is average driving speed; m is the vehicle mass; g is the
acceleration due to gravity; f is the rolling resistance coefficient; CD is the air resistance coef‐
ficient; A is the windward area.

Table 6 lists the parameters for the SHEV engine.

Maximum Rotating Speed Normal Rated Power / Rotating Speed Maximum Torque / Rotating Speed

4200 rpm 96 kw / 4200 rpm 300 N-m / 3000 rpm

Table 6. SHEV Engine Parameters

3.2.1.2. Selection of parameters for motors

Parameters of the motor should be chosen to meet the requirements of a wide range of vehi‐
cle speed and load variation. The to-be-determined parameters mainly include the low-
speed constant power Pmr, rated speed of motor nmr, max. speed of motor vmmax and rated
voltage of motor Vmr.

New Generation of Electric Vehicles280

Rated speed and maximum speed of motor: the maximum speed has an impact on the size
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Peak Torque Peak Power Rated Power Rated Torque Base Rotating Speed

618 N·m 170 KW 60 KW 218N·m 2000 rpm

Table 7. Parameters of the motor for SHEVs

3.2.1.3. Selection of parameters for batteries

For the hybrid vehicles, the larger of battery capacity, the longer the vehicle can drive under
the pure electric condition. However, larger capacity means larger weight and volume.
Therefore, we should choose the battery based on several key factors, including the technical
specifications of the vehicle, the specific energy and specific power of the battery. The selec‐
tion of the number of batteries should be based on the needs of electric power and the mile‐
age under pure electric condition.

First, from the aspect of the power need, the battery capacity must meet the maximum re‐
quirements of the output power of the motor. The number of batteries needed can be deter‐
mined by the following formula [14]:
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where n is the number of batteries, Pbmax is the power needed from the battery under the
worst condition (with the lowest SOC value), Eb is the electromotive force of the battery; Rb
is the equivalent resistance of the battery.

As far as the mileage under pure electric condition is concerned, the number of batteries
should meet the following criterion as [15]:
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where, n’ is the number of batteries; Pbc is the power under pure electric condition; s is the
driving distance under pure electric condition; Vbc is driving speed under pure electric con‐
dition; Umodel is the output voltage of a single battery; C is the capacity of the battery.

Finally, one can compare the values of n’ and n, and the larger number should be chosen as
the number of batteries.

Table 8 lists the selection results for the battery.

Capacity Number Rated Total Energy

93 Ah 40 44.64 kwh

Table 8. Parameters of hybrid batteries.
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3.2.2. Simulation of the performance of the entire vehicle

Figure 13 illustrates the simulation of a SHEV system built in ADVISOR. A city bus (route
R36) of Nuremberg, Germany is utilized here as the example.

Figure 13. Simulation of a SHEV system in ADVISOR.

The cycle status of this SHEV is shown in Fig. 14. Embedding the control frame illustrated in
Fig. 11 into the system shown in Fig. 13, and setting the values for the parameters of various
parts that were calculated in previous sections, one can obtain the simulation results as
shown in Figures 15~18, with Fig. 15 representing the SOC value of the battery, Fig. 16 illus‐
trating the output speed of the engine, Fig. 17 presenting the speed of the entire vehicle, and
Fig. 18 showing the output torque of the engine, respectively

Figure 14. Cycle Status of a R36 bus in Nuremberg.

Figure 15. SOC value of the Battery.
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Figure 16. Output Speed of the Engine.

Figure 17. Vehicle Speed.

Figure 18. Output Torque of the Engine.

The simulation results indicate that through the control strategy designed in this research,
the battery SOC value can be maintained at about 0.5, which completely meet the safety re‐
quirement of the battery; the average speed of the vehicle remained at the value around
40km / h, which conforms to the road and traffic conditions in most cities; from the output
torque of the engine in Fig. 18 one can see that, under the control strategy designed in this
research, the engine works in the best economic zone.

3.3. Summary on analysis of series hybrid electric vehicle

In this section, the simulations and analysis of the series hybrid electric vehicles (SHEVs).
According to the technical specifications of SHEVs, a control strategy was designed utilizing
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the power follower and thermostat, while parameters were selected for various part of the
SHEV. Simulation results revealed that this control strategy can not only meet the perform‐
ance requirements of the vehicle, but make the engine and batteries work in a reasonable
range. The study and optimization of the control strategies are the hotspots in the field of
hybrid power system. The optimization of control strategies is not only to achieve the best
fuel economy, but to adjust to various operating conditions. In particular, since all the coun‐
tries are implementing the environmental protection to have a greener earth, the minimum
vehicle emission becomes a crucial measurement for the superiority of a control strategy for
SHEVs.

4. Investigation of the temperature distribution in the Li-ion battery for
pure electric vehicles

The lithium-ion batteries have much more excellent performance than the other types of bat‐
teries so that they are widely used in the electric vehicles (EVs) [16-18]. However, the Li-ion
battery is very sensitive to the temperature variation. One needs to consider not only the
temperature range of the batteries, but the temperature difference of each battery in the
pack. Low temperature can result in insufficient electrochemical reaction inside the battery,
whereas high temperature will affect the working condition so that it shortens the life of
service of the battery. Furthermore, the overshoot or overdischarge may be happened in
some batteries if the temperature distribution among the battery pack is nonuniform. In or‐
der to minimize the heat generated in the battery pack, the temperature distributions in the
battery and the battery pack utilized in EVs are investigated and parameters are optimized
to lower the temperature and non-uniformity of the temperature distribution.

4.1. FE formulations of the heat conduction equation of the li-ion battery

The heat conduction equation in the Cartesian coordinates is given as [19]:

( ) ( ) ( )x y z v
dT T T TC k k k
d x x y y z z

r f
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¶ ¶ ¶ ¶ ¶ ¶
= + + +
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(20)

where ρ is the density and C is the heat capacity.

The Galerkin method is employed to obtain the finite element forms of the heat conduction
equation. For the steady-state heat conduction equation, the finite element form is expressed
as [20]:

K Pf = (21)

and the finite element form for the transient heat conduction equation is written as [20]:

Investigation and Analysis of the Mechanical Behaviors of the Electric Vehicles
http://dx.doi.org/10.5772/53275

285
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Figure 17. Vehicle Speed.

Figure 18. Output Torque of the Engine.
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fuel economy, but to adjust to various operating conditions. In particular, since all the coun‐
tries are implementing the environmental protection to have a greener earth, the minimum
vehicle emission becomes a crucial measurement for the superiority of a control strategy for
SHEVs.

4. Investigation of the temperature distribution in the Li-ion battery for
pure electric vehicles

The lithium-ion batteries have much more excellent performance than the other types of bat‐
teries so that they are widely used in the electric vehicles (EVs) [16-18]. However, the Li-ion
battery is very sensitive to the temperature variation. One needs to consider not only the
temperature range of the batteries, but the temperature difference of each battery in the
pack. Low temperature can result in insufficient electrochemical reaction inside the battery,
whereas high temperature will affect the working condition so that it shortens the life of
service of the battery. Furthermore, the overshoot or overdischarge may be happened in
some batteries if the temperature distribution among the battery pack is nonuniform. In or‐
der to minimize the heat generated in the battery pack, the temperature distributions in the
battery and the battery pack utilized in EVs are investigated and parameters are optimized
to lower the temperature and non-uniformity of the temperature distribution.

4.1. FE formulations of the heat conduction equation of the li-ion battery

The heat conduction equation in the Cartesian coordinates is given as [19]:
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where ρ is the density and C is the heat capacity.

The Galerkin method is employed to obtain the finite element forms of the heat conduction
equation. For the steady-state heat conduction equation, the finite element form is expressed
as [20]:
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and the finite element form for the transient heat conduction equation is written as [20]:
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In Eqs. (21)-(24), K is the heat conduction matrix, ϕ is the nodal temperature matrix, P is the

temperature load matrix, C is the heat capacity matrix, and ϕ
•

 represents the derivative of ϕ
with respect to time. In addition, Ni denotes the shape function, and kx, ky, kz represents the
thermal conductivity along three axes.

4.2. Finite element simulations of the li-ion battery

4.2.1. Equivalent material properties of the battery

Figure 19 illustrates the rectangular Li-ion battery employed in this research. It has the
height of 280 mm, the depth of 71 mm, and the width of 182 mm. The internal structure of
the Li-ion battery mainly includes three parts: the shell, the contact layer and the central
area. The central area is the heating zone of the battery since most reactions are occurred in
the central area.

Figure 19. Internal Structure of the rectangular Li-ion battery.
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The central area is the most complex area of the battery since it is stacked with hundreds of
layers made of different materials. Therefore it is essentially infeasible to generate and im‐
plement finite element models of the entire battery incorporating the actual structures. Con‐
sequently, equivalent modeling techniques must be developed to investigate the
temperature distribution of the battery while circumventing the time and intense computa‐
tional requirements. In other words, equivalent material properties need to be calculated
and utilized in the finite element models. Eqs. (25)-(28) represent the calculations of the
equivalent material properties of the battery:
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where li denotes the length of each battery along the heat flux, whereas Ai denotes the cross-
sectional area of each battery along the heat flux. Both serial and parallel connection cases
have been considered and the thermal conductivity of both cases were calculated (as shown
in Eq. (27)).

The material properties of the lithium-ion battery used in this research are listed in Table 9,
including thickness, thermal conductivity, specific heat, density, etc.

Based on the values of the parameters provided in Table 9, the equivalent material proper‐
ties of the central area in the battery can be determined:

Equivalent Density:ρ=2123.83 kg/m3

Equivalent specific heat:C= 1165.91 J/(kg×K)
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The central area is the most complex area of the battery since it is stacked with hundreds of
layers made of different materials. Therefore it is essentially infeasible to generate and im‐
plement finite element models of the entire battery incorporating the actual structures. Con‐
sequently, equivalent modeling techniques must be developed to investigate the
temperature distribution of the battery while circumventing the time and intense computa‐
tional requirements. In other words, equivalent material properties need to be calculated
and utilized in the finite element models. Eqs. (25)-(28) represent the calculations of the
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1 2 3

1 1 2 3
Density:

n
n

i n

m m m mm
V V V V V

r
=

+ + + +
= =

+ + + +å
L
L (25)

1 1 2 2 3 3

1 1 2 3

..
Specific heat:

.
...

n
n n

i n

C V C V C V C V
C

V V V V=

+ + + +
=

+ + + +å (26)

Thermal Conductivity:

1

1

Serial Connection:

n

i
i
n

i

i i

l
K

l
k

=

=

=
å

å
(27)

1

1

Parallel Connection:

n

i i
i

n

i
i

A k
K

A

=

=

=
å

å
(28)

where li denotes the length of each battery along the heat flux, whereas Ai denotes the cross-
sectional area of each battery along the heat flux. Both serial and parallel connection cases
have been considered and the thermal conductivity of both cases were calculated (as shown
in Eq. (27)).

The material properties of the lithium-ion battery used in this research are listed in Table 9,
including thickness, thermal conductivity, specific heat, density, etc.

Based on the values of the parameters provided in Table 9, the equivalent material proper‐
ties of the central area in the battery can be determined:

Equivalent Density:ρ=2123.83 kg/m3

Equivalent specific heat:C= 1165.91 J/(kg×K)
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Thermal conductivity:kx = 1.022 W/(m×K) ky= 25.746 W/(m×K) kz= 26.364 W/(m×K)

Material Thickness
Thermal

conductivity
Specific heat Density

Anode LiCoO2 0.014 1.58 1269.21 2328.5

Anode current collector AL 0.002 238 903 2702

Negative electrode Graphite 0.0116 1.04 1437.4 1347.33

Negative collector Cu 0.0014 398 385 8933

Diaphragm Polyethylene 0.0035 0.3344 1978.16 1008.98

Contact layer Electrolyte 0.05 0.6 2055.1 1129.95

Shell AL 0.07 238 903 2702

Table 9. Material properties of the Lithium-ion battery.

4.2.2. Discussion of boundary conditions

The Li-ion battery used in this research has a rectangular shape, which means it is under the
natural convection if there is no dissipation source. Under the natural convection, the heat
transfer is mainly generated by the buoyancy of the air, so different boundary surfaces may
have different convection coefficients. The convection coefficient for each boundary surface
needs to be calculated separately. In this study,the constant temperature of the wall is set to
be 30 ºC, the thermal conductivity is set as k = 2.63×10-2 W/(m k), the kinematic viscosity is ν
= 15.53×10-6 m2/s, and the Prandtl number is Pr = 0.702.

For the top surface of the battery, the heat can be easily dissipated so that the heat convec‐
tion is strong. The calculations of the convection coefficient can be shown as follows:

Grashof number: Gr =
gαΔtl 3

v 2 =2.26×104

⇒ Raleigh number: Ra =Gr ×Pr=1.5865×104

⇒ Nusselt number: Nu =0.54Ra
1
4 =6.06

⇒ Convection coefficient: h = Nu
k
l =6.25W / (m 2 ⋅ K )

For the bottom surface of the battery, the heat convection is weak.

Nu =0.27Ra
1
4 =3.03⇒h = Nu

k
l =3.125W / (m 2 ⋅ K )

For the vertical surfaces, they should have the same convection coefficients:

Gr =2.9772296×107 Nu =39.89 h = Nu
k
l =3.75W / (m 2 ⋅ K )
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4.2.3. Finite element simulations

There are two types of most commonly used Li-ion batteries, one with a cylindrical shape
and the other with a rectangular shape. Figure 20 illustrates the temperature distributions in
these two different types of Li-ion batteries.

It can be seen that under the same condition (1C electric charge and at the temperature of
293K), the maximum temperature in the cylindrical battery is 326.12K and the largest tem‐
perature difference in the battery is 8.57K; while the maximum temperature in the rectangu‐
lar battery is 320.58K and the largest temperature difference in the battery is 6.33K. It
indicates that the rectangular battery is better than the cylindrical one in terms of heat dissi‐
pation.

(a) 

(b) 

Figure 20. Temperature Distribution of (a) cylindrical battery and (b) rectangular battery at 1C293K.

The effect of the discharge rate of the battery on the temperature distribution of the battery
pack was also investigated. Figure 21 illustrates the temperature distribution in the battery
with different discharge rates. The comparison between Fig. 21(a) and Fig. 21(b) reveals that
the temperature of the battery with a faster discharge rate is higher than the temperature of
the battery with a slower discharge rate. A slower discharge rate should be chosen to lower
the temperature and decrease the temperature difference in the battery. Due to the demand
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1
4 =6.06

⇒ Convection coefficient: h = Nu
k
l =6.25W / (m 2 ⋅ K )

For the bottom surface of the battery, the heat convection is weak.

Nu =0.27Ra
1
4 =3.03⇒h = Nu

k
l =3.125W / (m 2 ⋅ K )

For the vertical surfaces, they should have the same convection coefficients:

Gr =2.9772296×107 Nu =39.89 h = Nu
k
l =3.75W / (m 2 ⋅ K )
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4.2.3. Finite element simulations

There are two types of most commonly used Li-ion batteries, one with a cylindrical shape
and the other with a rectangular shape. Figure 20 illustrates the temperature distributions in
these two different types of Li-ion batteries.

It can be seen that under the same condition (1C electric charge and at the temperature of
293K), the maximum temperature in the cylindrical battery is 326.12K and the largest tem‐
perature difference in the battery is 8.57K; while the maximum temperature in the rectangu‐
lar battery is 320.58K and the largest temperature difference in the battery is 6.33K. It
indicates that the rectangular battery is better than the cylindrical one in terms of heat dissi‐
pation.

(a) 

(b) 

Figure 20. Temperature Distribution of (a) cylindrical battery and (b) rectangular battery at 1C293K.

The effect of the discharge rate of the battery on the temperature distribution of the battery
pack was also investigated. Figure 21 illustrates the temperature distribution in the battery
with different discharge rates. The comparison between Fig. 21(a) and Fig. 21(b) reveals that
the temperature of the battery with a faster discharge rate is higher than the temperature of
the battery with a slower discharge rate. A slower discharge rate should be chosen to lower
the temperature and decrease the temperature difference in the battery. Due to the demand
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of high power, EVs usually employ battery packs in which each pack consists of tens of bat‐
teries. Figure 22 shows a typical Li-ion battery pack used in the EVs [21].

(a) 

(b) 

Figure 21. Temperature distribution in the battery at (a) 1C discharge and (b) 2C discharge.

Figure 22. A typical Li-ion battery pack utilized in the EVs [21].
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The cooling strategy of the battery pack is investigated by considering two different strat‐
egies. In the first strategy, the cooling gas (air) is blowing along the longitudinal direction of
the battery pack, it is called the serial cooling; in the second strategy, the cooling direction is
perpendicular to the longitudinal direction of the pack, it is called the parallel cooling.

Figure 23 illustrates the temperature distributions in the battery pack using the serial cool‐
ing strategy with two wind speeds (4 m/s and 10 m/s). The choice of these two values is
based on the critical wind speed (4.2 m/s), calculated based on the critical Reynolds number
of 500000 to differentiate the laminar flow and the turbulent flow.

(a) 

(b) 

Figure 23. Temp. Distributions in the battery pack with the wind speed of (a) 4 m/s and (b) 10 m/s.

It can be seen in Fig. 23(a) that the air flow will turn to be the turbulent flow at the speed of
10 m/s which is much larger than the critical value of the wind speed (4.2 m/s). Furthermore,
it can be seen that there are quite large temperature differences (about 19 degrees) in the bat‐
tery pack for both wind speeds, which will deteriorate the batteries in the long term.

The temperature distributions in the battery pack using the parallel cooling strategy is pre‐
sented in Fig. 24. The battery pack is under the condition of 1C electric charge and 293K
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temperature. The convection coefficient is 50 W/m2 K. It can be seen that the maximum tem‐
perature difference in the battery pack is less than 7 degrees. The temperature distribution is
the same for each battery. Comparing Figs. 23 and 24, one can easily see that the parallel
cooling strategy is much better than the serial cooling strategy in this category.

Figure 24. Temperature distribution in the battery pack utilizing the parallel cooling.

4.3. Summary on investigation of the temperature distribution in the Li-ion battery

In this section, the finite element formulations of the heat conduction equation of the Lithi‐
um-ion battery are established for both steady state and transient sate cases. Then the boun‐
dary conditions of the battery were discussed and the heat convection coefficients were
determined for each surface of the battery. A parametric study was developed to investigate
and optimize the temperature distribution in the battery. Finite element results indicate that
a rectangular shape battery should be chosen to minimize the temperature difference in the
battery. Results also revealed that a slower discharge rate needs to be selected to not only
lower the temperature inside the battery, but make the temperature distribution in the bat‐
tery as uniform as possible. Finally, the Li-ion battery pack was investigated and different
cooling strategies were studied. Investigation indicates that the parallel cooling should be
chosen to accelerate the heat dissipation and minimize the temperature difference in the bat‐
tery pack. To acquire more accurate results on the temperature distribution in each battery
and the entire battery pack, much more sophisticated finite element models need to be es‐
tablished to simulate the real structure inside the battery.

5. Summary and conclusions

In this chapter, the mechanical behaviors of the electric vehicles were investigated to im‐
prove the performance of the electric vehicles such that they can prevail over the conven‐
tional petroleum vehicles in the near future. Three different aspects of the electric vehicles
were analyzed and substantially improved via the use of various methods.
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Firstly, the regenerative braking force in the pure electric vehicle was analyzed and the dis‐
tribution range of the braking forces in the front and rear wheels was determined to meet
the requirements in UNECE R13. An optimized control strategy of the regenerative braking
process was proposed based on the results of the analysis. Simulation results indicate that
this optimized control strategy can considerably improve the energy efficiency of the regen‐
erative braking process, as well as that of the entire vehicle. This optimized control strategy
can also be used for hybrid vehicles.

Secondly, series-hybrid electric vehicles (SHEVs) were investigated to improve the efficien‐
cy of the engine and the working condition of the battery. According to the technical specifi‐
cations of SHEVs, a control strategy was designed utilizing the power follower and
thermostat, while parameters were selected for various part of the SHEV. Simulation results
revealed that this control strategy can not only meet the performance requirements of the
vehicle, but make the engine and batteries work in a reasonable range. The study and opti‐
mization of the control strategies are the hotspots in the field of the hybrid power system.

Finally, the temperature distribution in the lithium-ion battery for pure electric vehicles are
studied and analyzed. Finite element formulations of the heat conduction equation of the
Lithium-ion battery; boundary conditions of the battery were discussed and the heat con‐
vection coefficients were determined for each surface of the battery; then a parametric study
was developed to investigate and optimize the temperature distribution in the battery. Re‐
sults indicate that a rectangular shape battery should be chosen to minimize the temperature
difference in the battery and a slower discharge rate is needed to make the temperature dis‐
tribution in the battery as uniform as possible.

The research and study developed in this chapter have not only substantial theoretical val‐
ues but also significant practical values. The results obtained in this chapter provide clear
guidelines for the electric vehicle manufacturers to improve the quality and competitiveness
of the electric vehicles such that they will be able to prevail the automobile industry in the
near future.
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Z-Source Inverter for Automotive Applications
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1. Introduction

In a context of volatile fuel prices and rising concerns in terms of energy security of supply
and climate change issues, one of the discussed technological alternatives for the transporta‐
tion sector are electric based vehicles. Advanced technology vehicles such as hybrid electric
vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), fuel cell hybrid electric vehicles
(FCHEVs), and electric vehicles (EVs) require power electronics and electrical machines to
function. These devices allow the vehicle to use energy from the battery to assist in the pro‐
pulsion of the vehicle, either on their own or in combination with an engine [1]. Therefore,
many research efforts have been focused on developing new converters and inverters suita‐
ble for electric vehicles applications. One of the most promising topologies is the Z-source
inverter (ZSI). The ZSI, as shown in Figure 1, is an emerging topology for power electronics
DC/AC converters. It can utilize the shoot-through (ST) state to boost the input voltage,
which improves the inverter reliability and enlarges its application field [2]. In comparison
with other power electronics converters, it provides an attractive single stage DC/AC con‐
version with buck-boost capability with reduced cost, reduced volume and higher efficiency
due to a lower component number. Therefore, the ZSI is a very promising and competitive
topology for vehicular applications [3].

As a research hotspot in power electronics converters, the ZSI topology has been greatly ex‐
plored from various aspects, such as: ST control methods [2], [4]-[8], designing of the Z-net‐
work elements [9], modeling of the ZSI [10], [11], feedback control strategies [12]-[26], motor
control algorithms [27]-[31] and automotive applications [32]-[37].

This chapter starts by presenting a summary for ZSI operation modes and modeling. Then, a
review and a comparison between four ST boost control methods, which are: simple boost
control (SBC), maximum boost control (MBC), maximum constant boost control (MCBC),
and modified space vector modulation (MSVM) boost control, is presented based on simula‐
tion and experimental results. Control strategies of the ZSI are important issue and several

© 2012 Ellabban and Van Mierlo; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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feedback control strategies have been investigated in recent publications. There are four
methods for controlling the dc-link voltage of the ZSI, which are: capacitor voltage control,
indirect dc-link voltage control, direct dc-link control and unified control. A review of the
above mentioned control methods with their drawbacks will be presented. Two new pro‐
posed control methods, which are dual-loop capacitor voltage control and dual-loop peak
dc-link voltage control, will be presented and demonstrated by simulation and experimental
results. Then, this chapter presents a comparative study of the most significant control
methods, which are: scalar control (V/F), indirect field oriented control (IFOC) and direct
torque control (DTC), for an induction motor fed by a ZSI for automotive applications.
These control techniques are implemented using PWM voltage modulation. Finally, this
chapter proposes three applications of the ZSI for automotive applications.

Figure 1. ZSI basic structure

2. ZSI Operation Modes and Modeling

To design a controller for the ZSI, a proper dynamic model for its switching operation is
needed. An accurate small signal model of the ZSI gives not only a global also a detailed
view of the system dynamics and provides guidelines to system controllers design since the
transfer functions could be derived accordingly. Figure 1 shows the basic ZSI topology,
which consists of two inductors (L1 and L2) and two capacitors (C1 and C2) connected in X
shape to couple the inverter to the dc voltage source. The ZSI can produce any desired ac
output voltage regardless of the dc input voltage. Because of this special structure, the ZSI
has an additional switching state, when the load terminals are shorted through both the up‐
per and lower switching devices of any phase leg, which called the shoot-through (ST) state
besides the eight traditional non-shoot through (NST) states. General operation of a ZSI can
be illustrated by simplifying the ac side circuit by an equivalent RL load in parallel with a
switch S2 and the input diode D is represented by a switch S1, as shown in Figure 2. Where,
Rlis given by Rl =8|Zac | / 3cosϕ andL lis determined so that the time constant of the dc load
is the same as the ac load [16]. Two operation modes involving two different circuit topolo‐
gies can be identified in the ZSI operation as shown in Figure 3. In Mode 1, Figure 3-a, the
energy transferred from source to load is zero because the load side and source side are de‐
coupled by the ST state and the open status of S1. In Mode 2, Figure 3-b, real energy transfer
between source and load occurs.
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Figure 2. A simplified equivalent circuit for the ZSI

Figure 3. The basic two equivalent operation modes: (a) ST state, (b) NST state

Equations (1-4) represent: the third order small signal model, the steady state values of the
state variables, the control to capacitor voltage Gvd (s)and control to inductor current Gid (s)
small signal transfer functions of the ZSI, where Vin, Rl , L l , IL , VC , Il , D0are the input
voltage, the equivalent dc load resistance, the equivalent dc load inductance, and the steady
state values of inductor current, capacitor voltage, load current and ST duty ratio at certain op‐
erating point, respectively, and L , Care the Z-network inductor and capacitor, respectively.
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feedback control strategies have been investigated in recent publications. There are four
methods for controlling the dc-link voltage of the ZSI, which are: capacitor voltage control,
indirect dc-link voltage control, direct dc-link control and unified control. A review of the
above mentioned control methods with their drawbacks will be presented. Two new pro‐
posed control methods, which are dual-loop capacitor voltage control and dual-loop peak
dc-link voltage control, will be presented and demonstrated by simulation and experimental
results. Then, this chapter presents a comparative study of the most significant control
methods, which are: scalar control (V/F), indirect field oriented control (IFOC) and direct
torque control (DTC), for an induction motor fed by a ZSI for automotive applications.
These control techniques are implemented using PWM voltage modulation. Finally, this
chapter proposes three applications of the ZSI for automotive applications.

Figure 1. ZSI basic structure

2. ZSI Operation Modes and Modeling

To design a controller for the ZSI, a proper dynamic model for its switching operation is
needed. An accurate small signal model of the ZSI gives not only a global also a detailed
view of the system dynamics and provides guidelines to system controllers design since the
transfer functions could be derived accordingly. Figure 1 shows the basic ZSI topology,
which consists of two inductors (L1 and L2) and two capacitors (C1 and C2) connected in X
shape to couple the inverter to the dc voltage source. The ZSI can produce any desired ac
output voltage regardless of the dc input voltage. Because of this special structure, the ZSI
has an additional switching state, when the load terminals are shorted through both the up‐
per and lower switching devices of any phase leg, which called the shoot-through (ST) state
besides the eight traditional non-shoot through (NST) states. General operation of a ZSI can
be illustrated by simplifying the ac side circuit by an equivalent RL load in parallel with a
switch S2 and the input diode D is represented by a switch S1, as shown in Figure 2. Where,
Rlis given by Rl =8|Zac | / 3cosϕ andL lis determined so that the time constant of the dc load
is the same as the ac load [16]. Two operation modes involving two different circuit topolo‐
gies can be identified in the ZSI operation as shown in Figure 3. In Mode 1, Figure 3-a, the
energy transferred from source to load is zero because the load side and source side are de‐
coupled by the ST state and the open status of S1. In Mode 2, Figure 3-b, real energy transfer
between source and load occurs.
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Figure 2. A simplified equivalent circuit for the ZSI

Figure 3. The basic two equivalent operation modes: (a) ST state, (b) NST state
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Predicting the right half plane (RHP) zeros of the related transfer functions is one of the ma‐
jor advantages of the small-signal modeling. By considering the control to capacitor voltage
transfer function, given by Eq. 3 as an example, the numerator is a quadratic equation. As
known, for a quadratic equationax 2 + bx + c =0, there will be two different poles α and β if
the discriminantb 2 −4ac>0. Regarding this case, it can be acquired that a =(−2IL + Il)L l L <0
andc =(1−2D0)(2Vc −Vin)Rl >0, therefore, this transfer function has two zeros: one is negative
while the other is a positive one, which is called RHP zero. This identifies a non-minimum
phase characteristic in the capacitor voltage response that is known to potentially introduce
stability issues in the closed loop controlled system. The design of a feedback controller with
an adequate phase margin becomes more difficult when RHP zeros appear in the transfer
function, since it tends to destabilize the wide bandwidth feedback loops, implying high
gain instability and imposing control limitations.

3. Review of PWM control methods for ZSI

3.1. Simple ST Boost Control (SBC)

The SBC method [2], uses two straight lines equal to or greater than the peak value of the
three phase references to control the ST duty ratio in a traditional sinusoidal PWM, as
shown in Figure 4. When the triangular waveform is greater than the upper line, V p, or low‐
er than the bottom line, V n, the circuit turns into ST state. Otherwise it operates just as tradi‐
tional carrier based PWM. This method is very straightforward; however, the resulting
voltage stress across the switches is relatively high because some traditional zero states are
not utilized.

3.2. Maximum ST Boost Control (MBC)

Reducing the voltage stress under a desired voltage gain becomes more important to control
the ZSI; this can be achieved by making the ST duty ratio as large as possible. The MBC con‐
trol, [4], turns all the traditional zero states into ST state. As shown in Figure 5, the circuit is
in ST state when the triangular carrier wave is either greater than the maximum curve of the
references (V a , V b and V c) or smaller than the minimum of the references. The ST duty ratio
varies at six times of the output frequency. The ripples in the ST duty ratio will result in rip‐
ple in the inductor current and the capacitor voltage. This will cause a higher requirement of
the passive components when the output frequency becomes very low. Therefore, the MBC
method is suitable for applications that have a fixed or relatively high output frequency.
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Figure 4. SBC method waveforms

Figure 5. Waveforms of MBC method

3.3. Maximum Constant ST Boost Control (MCBC)

In order to reduce the volume and the cost, it is important always to keep the ST duty ratio
constant. At the same time, a greater voltage boost for any given modulation index is de‐
sired to reduce the voltage stress across the switches. The MCBC method achieves the maxi‐
mum voltage gain while always keeping the ST duty ratio constant [5]. Figure 6 shows the
sketch map of the maximum constant ST boost control with third harmonic injection. Using
the third harmonic injection, only two straight lines, V p and V n, are needed to control the ST
time with 1/6 of the third harmonic injected.
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Figure 4. SBC method waveforms

Figure 5. Waveforms of MBC method

3.3. Maximum Constant ST Boost Control (MCBC)

In order to reduce the volume and the cost, it is important always to keep the ST duty ratio
constant. At the same time, a greater voltage boost for any given modulation index is de‐
sired to reduce the voltage stress across the switches. The MCBC method achieves the maxi‐
mum voltage gain while always keeping the ST duty ratio constant [5]. Figure 6 shows the
sketch map of the maximum constant ST boost control with third harmonic injection. Using
the third harmonic injection, only two straight lines, V p and V n, are needed to control the ST
time with 1/6 of the third harmonic injected.
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Figure 6. MCBC method with third harmonic injection

3.4. Modified Space Vector Modulation ST Control Method

The space vector PWM (SVPWM) techniques are widely used in industrial applications of the
PWM inverter  because of  lower current  harmonics and a higher modulation index.  The
SVPWM is suitable to control the ZSI. Unlike the traditional SVPWM, the modified space vec‐
tor modulation (MSVM) has an additional ST time T 0 for boosting the dc-link voltage of the in‐
verter beside the time intervals T 1, T 2 and T z. The ST states are evenly assigned to each phase
with T 0 /6 within zero voltage period T z. The zero voltage period should be diminished for
generating a ST time, and the active states T 1 and T 2 are unchanged. So, the ST time does not af‐
fect the PWM control of the inverter, and it is limited to the zero state time T z. The MSVM can
be applied using two patterns. The MSVM1 as shown in Figure 7-a, at this switch pattern, the
ST time T 0 is limited to (3/4)T z, because the period (T z /4-2T s ) should be greater than zero. The
MSVM2 as shown in Figure 7-b, where the distribution of zero state time is changed into (T z /6)
and (T z /3). The maximum ST time is increased to the zero state time T z [6].

(a) (b) 

Figure 7. Switching pattern for the MSVPWM: (a) MSVM1, (b) MSVM2
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Table 1 shows a summary of all relations for the different ST boost control methods, where D 0
is the ST duty ratio, M is the modulation index, B is the boost factor, G is the voltage gain, and
Vs is the voltage stress across the switch. Figure 8-a shows the voltage gain versus the modula‐
tion index and Figure 8-b shows the voltage stress versus the voltage gain for different ST boost
control methods. At high voltage gain, the MSVPWM1 has the highest voltage stress.

Table 1. Summary of the different ST boost control methods expressions [7]

(a) 

(b) 

Figure 8. a) Voltage gain versus modulation index, (b) Voltage stress versus voltage gain for different PWM control
methods
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Figure 8. a) Voltage gain versus modulation index, (b) Voltage stress versus voltage gain for different PWM control
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Efficiency evaluation is an important task during inverter design. The losses of the inverter
mainly distributed on the semiconductor devices. The semiconductor device losses mainly
include conduction losses and switching losses. The efficiency of the ZSI is greatly affected
by the ST control methods. Figure 9 shows the losses distribution of a 10 kW ZSI at nominal
input and output power, where the input diode conduction and switching losses are includ‐
ed, which are neglected in most publications, the extra losses of the MSVM boost method
mainly come from the switching losses of IGBTs and reverse recovery losses of the input di‐
ode which are about three times of other methods [8]. Table 2 presents a comparison be‐
tween the different four ST control methods. The comparison results show that the MCBC
method seems to be the most suitable boost control method for the ZSI [8].

Figure 9. Losses distribution of the ZSI at 10 kW output power [8]

4. ZSI DC link voltage control

The control strategy of the ZSI is an important issue and several feedback control strategies
have been investigated in recent publications [12][23]. There are four methods for control‐
ling the ZSI dc-link voltage, which are: capacitor voltage control [12]-[19], indirect dc-link
voltage control [19],[20], direct dc-link control [21],[22] and unified control [23]. Table 3,
presents a review of the above mentioned control methods with their drawbacks.
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ST boost control method SBC MBC MCBC MSVM

Line voltage harmonic - + 0 +

Phase current harmonic 0 0 + -

DC link voltage ripples 0 - + 0

Switch voltage stress 0 + 0 -

Inductor current ripples 0 - + -

Efficiency 0 + + -

Obtainable ac voltage 0 0 + -

Total - +++-- +++++ +----

*(+, 0 and -) represents the best, the moderate and the lowest performance, respectively

Table 2. Different ST control methods comparison [8]

Table 3. Review of previous ZSI control strategies
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In all the above mentioned control methods, a single-loop voltage control technique was
used. However, in high power converters, a single-loop voltage control has two problems.
The first problem is that, the inductor current is not regulated and can be overloaded during
transient events and the limited stability limits is the second problem. Therefore, a dual-loop
voltage control is preferred over a single-loop voltage control in high power converters to
overcome the above mentioned problems [24]. Two new control algorithms are proposed by
the authors, which are: a dual-loop capacitor voltage control [25] and a dual-loop peak DC-
link voltage control [26]. These two control algorithms will be briefly presented as flows.

4.1. Capacitor voltage control

This chapter proposes a dual loop capacitor voltage control of the ZSI. The proposed control
generates the ST duty ratio by controlling both the inductor current and the capacitor volt‐
age of the ZSI as shown in Figure 10-a, where G M(s) is expressed by:
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Based on the small signal transfer functions Gvd (s), Gid (s) and GM (s) given by Eqs (3), (4)
and (5), both controller transfer functions Gcv(s) and Gci(s) can be designed. In order to de‐
sign these controllers, the continuous time transfers functions are first discretized using the
zero order hold (ZOH). Once the discrete transfer functions of the system are available, the
digital controllers are designed directly in the Z-domain using methods similar to the con‐
tinuous time frequency response methods. This has the advantage that the poles and zeros
of the digital controllers are located directly in the Z-domain, resulting in a better load tran‐
sient response, as well as better phase margin and bandwidth for the closed loop power con‐
verter [25]. Figure 10-b shows the entire digital closed loop control system containing the
voltage loop controller, current loop controller, the zero order hold, the computational de‐
lay, the modified modulation, and the control to outputs transfer functions. In this imple‐
mentation the chosen sampling scheme results in a computation delay of half the sampling
period. The loop gains for inner current loop and outer voltage loop can be expressed as:
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In this chapter, a digital PI controller with anti-windup is designed based on the required
phase margin, and critical frequency, using the bode diagram of the system in the Z- do‐
main, the transfer function of the digital PI controller in Z-domain is given by:
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Figure 10. Dual-loop capacitor control of the ZSI (a) and its block digital block diagram (b)
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Figure 11 shows the bode plots for the current loop gain and voltage loop gain, respectively,
with the system parameters listed in Table 4. The plots indicate that the current loop gain
has a crossover frequency as high as 1 kHz, with a phase margin of 65° and a gain margin of
10 dB. To avoid interaction between the sub-systems, low control bandwidth is used for the
voltage loop. The resulting outer voltage loop has a crossover frequency of 100 Hz and a
phase margin of 59° and a gain margin of 25 dB. Figs. 12-13 compare simulation and experi‐
mental results during input voltage step down by 7.5% with the same load, load increasing
and decreasing by 50% and steady state operations. It is noticeable that the experimental re‐
sults match the simulation results very well, which verify the performance of the proposed
dual-loop capacitor voltage control for the ZSI.

(a) 

(b) 

Figure 11. Bode diagrams for current (a) and voltage (b) loops for dual-loop capacitor voltage control
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Parameter Value

Input voltage 200 V

Capacitor reference voltage 300 V

Inductance 650 µH

Inductance internal resistance 0.22 Ω
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Capacitance internal resistance 0.9 mΩ
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AC load inductance 340 µH

AC load resistance 12.5 Ω

Table 4. Experimental Parameters of the ZSI
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Figure 12. ZSI response during input voltage step down by 7.5% : (a and c) simulation results and (b and d) experi‐
mental results using dual-loop control technique
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Figure 13. ZSI response during load increasing and decreasing by 50 % : (a and c) simulation results and (b and d)
experimental results

4.2. Peak DC-link voltage control

The capacitor voltage, Vc, is somewhat equivalent to the peak dc-link voltage, Vip, of the in‐
verter, but the peak dc-link voltage is non-linear function of the capacitor voltage. Thus, on‐
ly controlling the capacitor voltage cannot bring the high performance due to the non-linear
property of the Vip / Vc relation. Figure 14 shows the entire dual-loop peak dc-link voltage
control technique block diagram of the ZSI. Figs. 15-16 show the simulation and experimen‐
tal results of the proposed dual-loop peak dc-link voltage control technique during input
voltage step and load transient. As shown in Figure 15, the input voltage stepped-down by
7.5% with the rated load, the peak dc-link voltage remains constant at 300 V, the load phase
current and line voltage are not affected by input voltage decreasing and the inductor cur‐
rent is increased to supply the same output power. Figure 16 shows the ZSI response during
load increasing and decreasing by 50%. As noticeable the inductor current is doubled during
the 50% load increase and the output line voltage and the peak dc-link voltage remain un‐
changed.
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Figure 14. ZSI dual loop peak dc-link voltage control of the ZST (a) and its block diagram (b)

(a) (b) 

(c) (d) 

Figure 15. ZSI response during input voltage step down by 7.5%: (a, b) Z-network variables and (c, d) output variables
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Figure 16. ZSI response during input voltage step down by 7.5% : (a, b) Z-network variables and (c, d) output variables

5. A comparative study of different control techniques for induction
motor fed by a Z-source inverter

This section presents a comparative study of the most significant control methods (Scalar
control (V/F), indirect field oriented control (IFOC) and direct torque control (DTC)) for an
induction motor fed by a ZSI for automotive applications. The three control techniques are
implemented using PWM voltage modulation. The comparison is based on various criteria
including: basic control characteristics, dynamic performance, and implementation com‐
plexity. The study is done by MATLAB simulation of a 15 kW induction motor fed by a high
performance ZSI (HP-ZSI). The simulation results indicates that, the IFOC seems to be the
best control techniques suitable for controlling an induction motor fed by a ZSI for automo‐
tive applications.
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5.1. Scalar control (V/F) technique

The closed loop speed control by slip regulation, which is an improvement of the open loop
V/F control, is shown in Figure 17. The speed loop error generates the slip command ωsl

*

through a proportional integral (PI) controller with a limiter. The slip is added to the feed‐
back speed signal to generate the slip frequency commandωe

*. Thus the frequency command
generates the voltage command through a V/F generator, which incorporates the low fre‐
quency stator drop compensation. Although this control technique is simple, it provides
limited speed accuracy especially in the low speed range and poor dynamic torque re‐
sponse.

Figure 17. Block diagram of a scalar controlled induction motor

5.2. Indirect Field Oriented Control (IFOC) technique

In the indirect field oriented control method, the rotating reference frame is rotating at syn‐
chronous angular velocity, ωe. This reference frame allows the three phase currents to be
viewed as two dc quantities under steady state conditions. The q-axis component is respon‐
sible for the torque producing current, iqs, and the d-axis is responsible for the field produc‐
ing current, ids. These two vectors are orthogonal to each other so that the field current and
the torque current can be controlled independently. Figure 18 shows the block diagram of
the IFOC technique for an induction motor. The q-axis component of the stator reference
current, iqs

* , may be computed using the reference torque, Tref , which is the output of a PI
speed controller, as:

* 2 2
3

refr
qs

m r

TLi
p L y

= (14)

where Ψ r is the estimated rotor flux, which is given by:
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Figure 16. ZSI response during input voltage step down by 7.5% : (a, b) Z-network variables and (c, d) output variables
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where L m, L r and τr are the magnetization inductance, the rotor inductance, and the rotor time
constant, respectively. The d-axis component of the stator reference current, ids

* , may also be ob‐
tained by using the reference input flux, ψrref

, which is the output of a PI flux controller, as:

* refr
ds
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i
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= (16)

By using the rotor speed, ωrm , and the slip frequency, ωsl  , which is given by:

*

*

1 ds
sl

r qs

i
i

w
t

= (17)

the angle of the rotor flux, θe , may be evaluated as:

( )e e rm dtq w w= +ò (18)

Proportional integral controllers regulate the stator voltages, vds
* andvqs

* , to achieve the calcu‐

lated reference stator currents, ids
*  and iqs

* . The required voltage is then synthesized by the in‐
verter using pulse width modulation (PWM). During motor operation the actual rotor
resistance and inductance can vary. The resulting errors between the values used and the
actual parameters cause an incomplete decoupling between the torque and the flux. In order
to compensate for this incomplete decoupling, the values of compensation voltages are add‐
ed to the output of the current controllers. This voltage compensation can improve the per‐
formance of the current control loops. The compensations terms are given by:

*

*

dsc e s qs

m
dsc e s ds r r

r

v L i
Lv L i
L

w s

w s wy

= -

= +
(19)

5.3. Direct Torque Control with Space Vector Modulation (DTC-SVM) technique

The conventional DTC scheme has many drawbacks, such as: variable switching frequency,
high current and torque ripples, starting and low-speed operation problems, in addition to
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high sampling frequency needed for digital implementation of the hysteresis controllers. To
overcome these drawbacks, the space vector modulation is combined with the conventional
DTC scheme for induction motor drive to provide a constant inverter switching frequency.
In the DTC-SVM scheme, as shown in Figure 19, the torque and flux hysteresis comparators
are replaced by PI controllers to regulate the flux and torque magnitudes respectively. The
motor stator flux and the motor developed torque can be estimated by:
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(20)

( )3
2e ds qs qs dsT P i iy y= - (21)

The output of theses PI controllers generates the d and q components of the reference volt‐
age command (vds

*  and vqs
* ) in the stator flux oriented coordinates. After coordinate transfor‐

mation, using the stator flux angle θψs, we get the reference voltage vectors vαs
*  and vβs

* ) in
the stationary frame. These two components, which can control stator flux and torque sepa‐
rately, are delivered to space vector modulator (SVM). The space vector modulator gener‐
ates the inverter control signals, which ensures fixed inverter switching frequency. So the
inverter switching frequency is significantly increased, and the associated torque ripple and
current harmonics can be dramatically reduced, in comparison with the conventional
switching table based DTC scheme.

Figure 18. Block diagram of the IFOC of an induction motor
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high sampling frequency needed for digital implementation of the hysteresis controllers. To
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the stationary frame. These two components, which can control stator flux and torque sepa‐
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ates the inverter control signals, which ensures fixed inverter switching frequency. So the
inverter switching frequency is significantly increased, and the associated torque ripple and
current harmonics can be dramatically reduced, in comparison with the conventional
switching table based DTC scheme.

Figure 18. Block diagram of the IFOC of an induction motor
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Figure 19. Block diagram of the DTC-SVM based IM drive

Figure 20. Closed loop speed control of three phase induction motor fed by a high performance ZSI

Figure 21. Overall system efficiency at different load torque values
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Figure 20 shows the complete block diagram of the closed loop speed controlled IM fed by a
high performance ZSI. A dual loop controller is designed to control the average value of the
dc link voltage by controlling the magnitude of its peak voltage based on a small signal
model of the high performance ZSI. Figure 21, shows the calculated overall system efficien‐
cy at different load torque. The three control techniques were compared on a simulated
benchmark. The main results of this comparative study are summarized in Table 5.

Comparison Criterion V/F IFOC DTC-SVM

Dynamic response Poor Good Good

Torque ripples Large Small Small

Speed error Large Small Medium

ZSI performance Good Good Poor

Complexity Low High High

Efficiency Medium High Low

Table 5. Summary of performance compression

6. Z-Source Inverter for vehicular applications

This section proposes three applications of the ZSI in the automotive field. The first applica‐
tion proposes the using of the bidirectional ZSI (BZSI) supplied by a battery to drive an in‐
duction motor for hybrid electric vehicle (HEV) applications, by replacing the two stages
conversion. The second application proposes the using of the BZSI in plug-in hybrid electric
vehicle (PHEV) applications for replacing the bidirectional battery charger, which composed
of two stages conversion. By using the BSZI, the battery can be charged from the grid during
night and can be discharged to the grid during peak power demand, which increase the grid
stability. The third application proposes the using of the HP-ZSI for fuel cell hybrid electric
vehicle (FCHEV) applications. Where the fuel cell (FC) stack and the supercapacitor (SC)
module are directly connected in parallel with the HP-ZSI. The SC module is connected be‐
tween the input diode and the bidirectional switch S7 of the HP-ZSI. The SC module sup‐
plies the transient and instantaneous peak power demands and absorbs the deceleration and
regenerative braking energy. The indirect field oriented control (IFOC) is used to control the
speed of the IM during motoring and regenerative braking operation modes in the first and
the third proposed applications. While, a proportional plus resonance (PR) controller is used
to control the AC current during connecting the BZSI to the grid for battery charging/
discharging mode in the second proposed application.

6.1. ZSI applications in HEV

The ZSI is proposed to be used to replace the two stages conversion in HEV, The BZSI can
replace the bidirectional DC/DC converter and the traditional VSI as a single stage convert‐
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Figure 19. Block diagram of the DTC-SVM based IM drive

Figure 20. Closed loop speed control of three phase induction motor fed by a high performance ZSI

Figure 21. Overall system efficiency at different load torque values
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er, as shown in Figure 22. The IFOC is used for controlling the speed of the IM during mo‐
toring and regenerative braking operations and a dual loop capacitor voltage control
algorithm is used to control the BZSI dc-link voltage.

6.2. ZSI applications in PHEV

The ZSI is proposed to be used to replace the two stage bidirectional battery charger in a
PHEV. Figure 23 shows the entire block diagram of a grid connected BZSI containing: the
battery, the BZSI, the capacitor voltage control algorithm and the AC grid current control
algorithm during battery charging/discharging modes, where the capacitor voltage control
generates the ST duty ratio and the AC grid current control generates the modulation index.

6.3. ZSI applications in FCHEV

In Figure 24, the FC system and the SC module are direct connected in parallel with the HP-
ZSI. The SC module is connected between the input diode D and the bidirectional switch S7.
The bidirectional switch S7 provides a path for the regenerative braking energy to be stored
in the SC module during the ST state. The SC module supplies the transient and instantane‐
ous peak power demands and absorbs the deceleration and regenerative braking energy. In
addition, a dual loop control is used to control the Z-network capacitor voltage by control‐
ling the ST duty ratio and the IFOC strategy is used to control the induction motor speed by
controlling the modulation index. The proposed applications improve the vehicle efficiency
and reduce its production cost due to a lower its component count, since it is a one stage
converter with a reduced volume and easier control algorithm.

Figure 22. Using the BZSI for HEV applications
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Figure 23. Using the BZSI for PHEV applications

Figure 24. Using the HP-ZSI for FCHEV applications
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1. Introduction

This chapter addresses the topographical examination of various mean squared error (MSE)
cost surface structures and selecting the most suitable MSE fitness function for accurate
brushless motor drive (BLMD) dynamical parameter system identification (SI) of BLMD
shaft load inertia and viscous damping for electric vehicle controlled propulsion. The pa‐
rameter extraction procedure employed here is in the offline mode for optimal drive tuning
purposes during the installation and commissioning phase of embedded BLMD systems in
high performance electric vehicle torque, speed and position control scenarios. Two types of
penalty function, based on the transient step response of the permanent magnet (PM) motor
shaft velocity and its stator winding current feedback in torque control mode [1,2], are ex‐
amined here for arbitration of a suitable choice of cost objective function as the response sur‐
face in the accurate extraction of the BLMD dynamics. The choice of a particular MSE cost
surface as an objective function in BLMD load parameter identification is motivated by the
need for reliable tuning of the proportional and integral (PI) term settings during the drive
installation phase for controller robustness and optimal performance in adjustable speed
drive (ASD) or torque controlled embedded PM motor applications for electric vehicle pro‐
pulsion. This chapter will focus on the mathematical analysis of embedded motor drive dy‐
namical parameter identification over an MSE multiminima response surface with the
following key results obtained:

a. the development of a novel quadratic mathematical model approximation for the inves‐
tigation of the (i) nature of the MSE objective function and (ii) existence of a bounded
MSE global minimum stationary region, based on transient step response motor current

© 2012 Guinee; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2012 Guinee; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[29] Ellabban, O., Van Mierlo, J., & Lataire, P. (2010). A new Closed Loop Speed Control
of Induction Motor Fed by a High Performance Z-Source Inverter. The IEEE Electri‐
cal power and energy conference.

[30] Ellabban, O., Van Mierlo, J., & Lataire, P. (2011). Direct Torque Controlled Space Vec‐
tor Modulated Induction Motor Fed by a Z-source Inverter for Electric Vehicles. The
III International Conference on Power Engineering, Energy and Electrical Drives.

[31] Ellabban, O., Van Mierlo, J., & Lataire, P. (2011). A Comparative Study of Different
Control Techniques for Induction Motor Fed by a Z-Source Inverter for Electric Vehi‐
cles. The III International Conference on Power Engineering, Energy and Electrical Drives.

[32] Peng, F. Z., Shen, M., & Holland, K. (2007). Z-source Inverter Control for Traction
Drive of Fuel Cell- Battery Hybrid Vehicles. IEEE Transactions on Power Electronics.,
22(3), 1054-1061.

[33] Shen, M., Hodek, S., Fang, Z., & Peng, F. Z. (2007). Control of the Z-Source inverter
for FCHEV with the battery connected to the motor neutral point. IEEE Power Elec‐
tronics Specialist Conference., 1485-1490.

[34] Dehghan, S. M., Mohamadian, M., & Yazdian, A. (2010). Hybrid electric vehicle
based on bidirectional z-source nine-switch inverter. IEEE Transactions on Vehicular
Technology, 59(6), 2641-2653.

[35] Ellabban, O., Van Mierlo, J., & Lataire, P. (2010). Control of a Bidirectional Z-Source
Inverter for Hybrid Electric Vehicles in Motoring, Regenerative Braking and Grid In‐
terface Operations. The IEEE Electrical power and energy conference.

[36] Ellabban, O., Van Mierlo, J., Lataire, P., & Hegazy, O. (2010). Control of a High-Per‐
formance Z-Source Inverter for a Fuel Cell/ Supercapacitor Hybrid Electric Vehicles.
The 25th World Battery, Hybrid and Fuel Cell Electric Vehicle Symposium & Exhibi‐
tion.

[37] Ellabban, O., Van Mierlo, J., & Lataire, P. (2011). Control of a Bidirectional Z-Source
Inverter for Electric Vehicle Applications in Different Operation Modes. Journal of
Power Electronics, 11(2), 120-131.

New Generation of Electric Vehicles322

Chapter 11

Mathematical Analysis for Response Surface Parameter
Identification of Motor Dynamics in Electric Vehicle
Propulsion Control

Richard A. Guinee

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54483

1. Introduction

This chapter addresses the topographical examination of various mean squared error (MSE)
cost surface structures and selecting the most suitable MSE fitness function for accurate
brushless motor drive (BLMD) dynamical parameter system identification (SI) of BLMD
shaft load inertia and viscous damping for electric vehicle controlled propulsion. The pa‐
rameter extraction procedure employed here is in the offline mode for optimal drive tuning
purposes during the installation and commissioning phase of embedded BLMD systems in
high performance electric vehicle torque, speed and position control scenarios. Two types of
penalty function, based on the transient step response of the permanent magnet (PM) motor
shaft velocity and its stator winding current feedback in torque control mode [1,2], are ex‐
amined here for arbitration of a suitable choice of cost objective function as the response sur‐
face in the accurate extraction of the BLMD dynamics. The choice of a particular MSE cost
surface as an objective function in BLMD load parameter identification is motivated by the
need for reliable tuning of the proportional and integral (PI) term settings during the drive
installation phase for controller robustness and optimal performance in adjustable speed
drive (ASD) or torque controlled embedded PM motor applications for electric vehicle pro‐
pulsion. This chapter will focus on the mathematical analysis of embedded motor drive dy‐
namical parameter identification over an MSE multiminima response surface with the
following key results obtained:

a. the development of a novel quadratic mathematical model approximation for the inves‐
tigation of the (i) nature of the MSE objective function and (ii) existence of a bounded
MSE global minimum stationary region, based on transient step response motor current

© 2012 Guinee; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2012 Guinee; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



feedback signals, for mechanical parameter identification in sensorless drive torque
control of electric vehicles.

b. the examination of the phenomenon of multiminima proliferation in the MSE cost for‐
mulation due to target data choice and ‘noisiness’ arising from evaluation of pulse
width modulated (PWM) edge transition times during BLMD simulation [1,2].

c. the measurement of cost surface selectivity based on shaft velocity and current feedback
target data and the decision favouring the choice of the latter data training record as the
target function for dynamical parameter identification

d. the development of a novel parameter quantization metric to overcome cost surface
‘noisiness’, arising from computational uncertainty in the simulated PWM edge transi‐
tions [1], for avoidance of local minima trapping in the MSE cost surface during identifi‐
cation of the BLMD dynamics.

e. the development of a novel parameter convergence radius measure of encirclement of
the cost surface stationary region global minimum, arising from the parameter quanti‐
zation metric in (d), for determination of the bounds of accuracy that can be imposed on
the returned estimates of the global optimum dynamical parameter vector during
BLMD identification.

1.1. Motivation

BLMD control tuning is necessary during the commissioning phase of embedded drives ap‐
plications, for accurate torque and speed control in electric vehicle propulsion systems setup
[3,4], accurate robotic end effector [5] or CNC tool positioning [6], where detailed apriori
knowledge of expected drive load inertia and friction parameters are unknown to the elec‐
tric motor drive supplier/manufacturer in the intended application beforehand. The choice
of ASD [7] in high performance industrial applications, such as a small electric vehicle [4],
robot manipulator [8, 9, 10] or machine tool feed drive [6,4], is usually based on considera‐
tion of a BLMD manufacturer’s catalogued specifications, relating to drive performance ca‐
pabilities and limitations, by the customer or embedded drive equipment designer/
manufacturer. The BLMD selection is often done independently of the motor drive manufac‐
turer by the equipment designer for reasons of embedded systems design confidentiality
and second sourcing of matching drive equivalents from different manufacturers for the
purpose of cost reduction and embedded product protection from obsolescence via alterna‐
tive drive substitution. The range of motor sizes available and spread of possible BLMD em‐
bedded applications has resulted in the provision of flexible drive tuning facilities with
either manual or autotuning features [11] by motor drive manufacturers as a sales and mar‐
keting expedient to embedded equipment designers. This flexible approach to drive tuning
policy eliminates the need for the BLMD manufacturer to participate in the detailed design
of embedded drive applications except in the provision of motor drive systems with high
output torque and speed ranges to cater for a range of anticipated high performance appli‐
cations [12,8,13]. BLMD systems with high peak current capability and fast response times
due to low PM rotor mass are designed [6, 7] to handle large inertial load torques [14] expe‐
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rienced in robotic applications [4, 5] and electric vehicle propulsion systems, with a no-load
to full-load inertia variation [9] of 10 is to 1. It is in response to this background of applica‐
tions diversity, regarding the particular design details of embedded drive products about
the size of inertial loads and friction coefficients encountered [4,6,9], that the present work
on cost surface analysis for parameter extraction in electric vehicle control is directed from a
motor manufacturer’s perspective.

Since the possible variation in the load dynamics of an intended BLMD application is un‐
known at the outset the initial task here for an end user is to identify the actual load inertia
and friction coefficients experienced during startup of a given embedded drive in the offline
mode for robust PI controller tuning [15]. In this scenario the customer has the flexibility of
manually tuning the BLMD speed loop, which is provided as a PI adjustment option along
with procedural details for tuning by the motor manufacturer, during the setup and com‐
missioning phase for a particular ASD application. The challenge then posed for the motor
drive designer in this instance is the provision of an automated tuning facility for the veloci‐
ty or torque loop during the commissioning stage thus eliminating the need for any manual
input by the customer. This feature requires the identification of a fixed embedded load con‐
figuration during setup and subsequent automated optimal configuration of the velocity
controller PI terms [15]. In the absence of embedded load information the cost surfaces and
identification methods investigated here focused on inertial load spreads for vehicular and
robotic applications [9] of up to ten times the inherent motor shaft inertia as recommended
by the BLMD manufacturer for the drive [16] modelled in [1].

The concept of a simulated cost surface is developed here [17] as an objective function to fa‐
cilitate parameter extraction of the installed drive dynamics, during offline BLMD system
identification, with MSE minimization. This methodology provides useful insight into the
nature and formulation of the most suitable MSE objective function to be minimized, based
on actual drive experimental test data available and BLMD model simulation, coupled with
an effective system identification (SI) strategy for accurate motor parameter extraction [18].
This approach can also be used as an alternative means of providing the optimal set of ex‐
tracted parameter estimates from inspection of the global minimum location on the simulat‐
ed cost surface with embedded local minima. Furthermore it can be used as a basis for
comparison of the effectiveness of the actual identification search strategy deployed in terms
of the accuracy of returned parameter estimates. The problem of inertia (J) and friction (B)
parameter extraction of an actual BLMD system over a sinc function shaped multiminima
cost surface [19], based on step response feedback current (FC) target data which has a con‐
stant amplitude swept frequency characteristic, is investigated as a test case using response
surface simulation.

The global minimum estimation, from response surface simulation discussed in section 2.0
below, is targeted towards offline identification of the fixed dynamical load possibly en‐
countered by an embedded BLMD system during the setup and commissioning phase. This
is necessary for optimal tuning of the installed BLMD velocity and position loops in any
high performance electric vehicle and industrial application. The present work on optimal
parameter estimation is mainly concerned with the offline identification of the worst case in‐
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cilitate parameter extraction of the installed drive dynamics, during offline BLMD system
identification, with MSE minimization. This methodology provides useful insight into the
nature and formulation of the most suitable MSE objective function to be minimized, based
on actual drive experimental test data available and BLMD model simulation, coupled with
an effective system identification (SI) strategy for accurate motor parameter extraction [18].
This approach can also be used as an alternative means of providing the optimal set of ex‐
tracted parameter estimates from inspection of the global minimum location on the simulat‐
ed cost surface with embedded local minima. Furthermore it can be used as a basis for
comparison of the effectiveness of the actual identification search strategy deployed in terms
of the accuracy of returned parameter estimates. The problem of inertia (J) and friction (B)
parameter extraction of an actual BLMD system over a sinc function shaped multiminima
cost surface [19], based on step response feedback current (FC) target data which has a con‐
stant amplitude swept frequency characteristic, is investigated as a test case using response
surface simulation.

The global minimum estimation, from response surface simulation discussed in section 2.0
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countered by an embedded BLMD system during the setup and commissioning phase. This
is necessary for optimal tuning of the installed BLMD velocity and position loops in any
high performance electric vehicle and industrial application. The present work on optimal
parameter estimation is mainly concerned with the offline identification of the worst case in‐
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ertial load that could possibly be experienced by an installed embedded BLMD. This is ar‐
ticulated here through BLMD simulation in torque control mode, using the full reference
model developed in [1, 2], and drive experimental step response measurements with three
known test cases of shaft load inertia, for validation of the accuracy of the parameter identi‐
fication strategy, corresponding to:

a. the no-load rotor inertial value JT =Jm,

b. medium shaft load inertia JT ~ 4Jm and

c. large shaft load inertia JT ~ 7Jm.

where JT is the total inertia consisting of rotor Jm and additional shaft load Jl with

.T l mJ J J= + (1)

The problem of a numerically ‘noisy’ multiminima cost function resulting in non optimal
parameter convergence because of local minimum trapping, associated with the adoption of
the BLMD reference model in [1, 2] during simulation, in motor parameter identification is
examined [20, 21]. An explanation is provided as to the existence of ‘false’ local minima plu‐
rality with inaccurate resolution of PWM edge transition times, associated with the choice of
fixed step sizes Δt in BLMD model simulation, in both the current feedback Ifj and shaft ve‐
locity Vωr MSE objective functions. An explanation is also furnished as to the existence and
proliferation of genuine local minima with the observed feedback current (FC) target data
used in penalty cost surface generation, which will be shown to posses an inverted sinc
function-like shape. Details are presented, through MSE response surface simulation with
coarse step sizes chosen initially for the inertia J and friction B parameters employing shaft
velocity (parabolic cost surface) and feedback current (sinc-like surface) experimental target
data respectively, to shed light on the numerical noise problem for SI purposes. Both simu‐
lated MSE response surfaces reveal on a macro-scale the presence of a ‘line minimum’ of
possible feasible solutions in a stationary region, enveloping a global extremum within the
central surface fold, principally in the B-parameter direction. A novel mathematical approxi‐
mation [17], which provides verification of the cost surface shape in both cases, is given and
is used to provide information on the existence of a unique global minimum with an accom‐
panying optimal parameter set X̄ opt ={ J̄ opt , B̄opt}T  instead of a multiplicity of candidate op‐

tions, X̄ opt
j ={ J̄ opt , B̄opt

j }T , along a ‘B - line minimum’, for j = 1,2 …. Details of BLMD model
simulation at a finer parameter step size δX, which illuminates the problem of a noisy cost
surface, are also provided for both objective functions. An independent statistical analysis
appraisal of the computation ‘noise’ voltage engendered in the search for accurate PWM
transitions, based on a novel theoretical estimation [18] for the random error pulse energy
expectation associated with PWM replication with chosen simulation step size Δt, is also
provided. This probability analysis in itself provides a useful insight into the induced noise
mechanism with chosen time step size and highlights the magnitude contribution of the ran‐
dom error ‘noise’ voltage with PWM resolution to the overall accuracy in the BLMD model
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simulation exercise. The effect of inherent ‘noisy’ evaluation of the PWM edge transition
times during BLMD simulation is transferred as a lack of smoothness in the simulated con‐
struction of the MSE cost surface at the micro-scale for very low step changes δX in the
BLMD dynamical parameters J and B.

A novel mathematical analysis [21] is presented, via embedded quadratic curve fitting in the
MSE cost surface, to establish the worst case parameter quantization step size δXL necessary
to overcome cost function ‘noisiness’. This analysis also provides a radius of convergence rX
in parameter space about the global minimum for any parameter identification search strat‐
egy and establishes a bound on the limits of accuracy for the returned optimal parameter
estimateX̂ opt ={ Ĵ opt , B̂opt}T . Furthermore this methodology provides a sensitivity measure of
the MSE cost surface selectivity for both the step response shaft velocity and current feed‐
back response surfaces in the neighbourhood of the global extremumX̄ opt . This surface vari‐
ability metric dependency on elemental parameter variation δX can then be used to decide
on the best objective function for parameter extraction purposes based on the accuracy of
the returned estimate. The choice of the FC target data is explained for its excellent coher‐
ence properties, based on frequency and phase attributes from step response tests, in check‐
ing BLMD model fidelity and accuracy and also for its high selectivity in penalty cost
function formulation for accurate parameter identification. Furthermore it will be shown
that there is an improvement in FC cost surface selectivity with longer data training records
while the converse effect is manifested for shaft velocity target data with measurement data
length in the reduction of cost surface curvature in the vicinity of the global minimum.
These current feedback step response attributes arbitrate in its favour as the most suitable
choice of target data in MSE cost function formulation.

In the absence of embedded drive application details from the BLMD manufacturer [17] no
precise limits on the desired accuracy of the returned J and B parameter estimates could be
affixed to the parameter identification strategy for velocity controller tuning purposes in the
commissioning phase. However the use of a quantized metric δXL, as mentioned previously,
in parameter space puts a limit on the parameter resolution accuracy possible during identi‐
fication of the BLMD dynamics in electric vehicles. It should be noted that without the im‐
position of this parameter quantization strategy there is a risk of false minimum trapping of
the identification search algorithm in a ‘noisy crevice’ [18] in a side-wall of a cost surface,
besides local minimum capture, well away from the global minimum estimate. This novel
quantization procedure in parameter space, which eliminates the effect of simulation step
size related computation induced noise, results in the availability of a smooth cost surface
over which a parameter identification search algorithm will work and converge to an opti‐
mal estimate [17,18,21]. One other benefit of the parameter quantization process is that it di‐
vides up parameter space and restricts the identification strategy to a countable number of
parameter lattice points [18] and thus minimizes the search time to global optimality.

A further aspect of concern besides false minimum trapping is that all optimization algo‐
rithms for BLMD parameter identification proceed in a continuous search of parameter
space to a convergence estimate of the parameter vector sought with an end stopping criteri‐
on [22,23]. The norm of cessation of the optimal parameter search strategy is generally based
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ertial load that could possibly be experienced by an installed embedded BLMD. This is ar‐
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appraisal of the computation ‘noise’ voltage engendered in the search for accurate PWM
transitions, based on a novel theoretical estimation [18] for the random error pulse energy
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mechanism with chosen time step size and highlights the magnitude contribution of the ran‐
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to overcome cost function ‘noisiness’. This analysis also provides a radius of convergence rX
in parameter space about the global minimum for any parameter identification search strat‐
egy and establishes a bound on the limits of accuracy for the returned optimal parameter
estimateX̂ opt ={ Ĵ opt , B̂opt}T . Furthermore this methodology provides a sensitivity measure of
the MSE cost surface selectivity for both the step response shaft velocity and current feed‐
back response surfaces in the neighbourhood of the global extremumX̄ opt . This surface vari‐
ability metric dependency on elemental parameter variation δX can then be used to decide
on the best objective function for parameter extraction purposes based on the accuracy of
the returned estimate. The choice of the FC target data is explained for its excellent coher‐
ence properties, based on frequency and phase attributes from step response tests, in check‐
ing BLMD model fidelity and accuracy and also for its high selectivity in penalty cost
function formulation for accurate parameter identification. Furthermore it will be shown
that there is an improvement in FC cost surface selectivity with longer data training records
while the converse effect is manifested for shaft velocity target data with measurement data
length in the reduction of cost surface curvature in the vicinity of the global minimum.
These current feedback step response attributes arbitrate in its favour as the most suitable
choice of target data in MSE cost function formulation.

In the absence of embedded drive application details from the BLMD manufacturer [17] no
precise limits on the desired accuracy of the returned J and B parameter estimates could be
affixed to the parameter identification strategy for velocity controller tuning purposes in the
commissioning phase. However the use of a quantized metric δXL, as mentioned previously,
in parameter space puts a limit on the parameter resolution accuracy possible during identi‐
fication of the BLMD dynamics in electric vehicles. It should be noted that without the im‐
position of this parameter quantization strategy there is a risk of false minimum trapping of
the identification search algorithm in a ‘noisy crevice’ [18] in a side-wall of a cost surface,
besides local minimum capture, well away from the global minimum estimate. This novel
quantization procedure in parameter space, which eliminates the effect of simulation step
size related computation induced noise, results in the availability of a smooth cost surface
over which a parameter identification search algorithm will work and converge to an opti‐
mal estimate [17,18,21]. One other benefit of the parameter quantization process is that it di‐
vides up parameter space and restricts the identification strategy to a countable number of
parameter lattice points [18] and thus minimizes the search time to global optimality.

A further aspect of concern besides false minimum trapping is that all optimization algo‐
rithms for BLMD parameter identification proceed in a continuous search of parameter
space to a convergence estimate of the parameter vector sought with an end stopping criteri‐
on [22,23]. The norm of cessation of the optimal parameter search strategy is generally based
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on the smallness of cost reduction over successive iterations within a specified error bound ε
at termination. The termination criteria are generally not focused on the smallest percentage
variation of the parameter estimates acceptable. However with the quantization δXL of pa‐
rameter space for response surface smoothness, limits for parameter resolvability can be im‐
posed by restricting the identification search process to an integral number k of quantum
steps kδX commensurate with the percentage accuracy %X required in absolute terms such
that %X = kδX. This restricted step approach, in terms of the specified parameter accuracy
sought for BLMD tuning purposes during the setup and commissioning phase, can reduce
the SI computation time to optimality [18].

2. Response surface simulation and analysis [17]

The concept of a simulated response surface (RS) is presented as an aid to motor dynamical
parameter optimization in high performance Brushless Motor Drive (BLMD) identification
with a multiminima objective function. This methodology provides useful information con‐
cerning the formulation and nature of the most suitable objective function to be minimized,
based on actual drive experimental test data available and BLMD model simulation, cou‐
pled with an effective system identification (SI) strategy for accurate motor parameter ex‐
traction. This simple approach, although computationally intensive, can also be used as an
alternative means of providing the optimal set of parameter estimates from inspection of the
global minimum location on the simulated cost surface with embedded local minima. Fur‐
thermore it can be used as a basis for comparison of the effectiveness of other identification
search strategies deployed, such as the Powell Conjugate Direction search method [18] and
Fast Simulated Diffusion algorithm [20,21], in terms of the accuracy of returned parameter
estimates. The problem of inertia J and viscous friction B parameter extraction of an actual
BLMD system over a sinc-function (sinx/x) shaped multiminima cost surface, based on step
response feedback current (FC) target data which has a constant amplitude swept frequency
characteristic, is investigated using response surface simulation. The choice of the FC target
data is based on its excellent coherence properties [24] from step response testing, for check‐
ing BLMD model fidelity and accuracy and for the penalty cost function formulation in SI.
This difficulty with a multiminima objective function converging to a non optimal parame‐
ter estimate, associated with the adoption of the FC target data for motor parameter identifi‐
cation, is examined in the FSD method [20, 21]. An explanation is provided as to the
existence of local minima plurality with the observed FC target data used in the sinc-like
penalty cost surface generation. All classical optimization techniques [22], with the excep‐
tion of modern statistical methods [21], are known to have difficulty with this type of cost
surface in identifying the optimal parameter vector. The problem arises with initialization of
the search strategy far from the global minimum resulting in possible local minimum trap‐
ping and non optimal convergence of the cost minimization algorithm during the parameter
extraction process. This response surface [RS] methodology, however, provides a simple
and effective alternative to classical methods in acquiring an accurate estimate of the global
minimum. Results are presented, which demonstrate the efficacy and reliability of the RS
method in returning accurate estimates for ‘known’ values of the BLMD shaft dynamics.
The application of this FC step response related multiminima cost function in parameter ex‐
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traction is compared with the alternative parabolic shaped shaft velocity objective function
for cost surface selectivity in the vicinity of the global minimum and for accuracy of the re‐
turned identified parameter estimates. A mathematical approximation analysis is provided
for verification of the cost surface shapes resulting from the deployment of step response FC
and shaft velocity as target data in objective function formulation.

2.1. Cost function formulation [18]

Response surface simulation is a useful graphical tool [25] in system identification and can
easily be applied to motor parameter extraction and BLMD model validation. This visual
concept, which has been used in process control optimization [25], provides an intuitive in‐
sight into the topographical structure of the cost function to be minimized and the rapid lo‐
cation of the global minimum. It also provides information on the most suitable
identification search strategy that should be adopted in parameter space to obtain an accu‐
rate estimate X̂ opt ={x̂1 opt , x̂2 opt}T  of the motor dynamics where the inertia J ≡ x1 and viscous
friction B ≡ x2 are the coded variables. The location of the global minimum stationary point
can be obtained by inspection from the simulated cost surface. This approach, although
computationally expensive, can be used to secure an independent alternative optimal esti‐
mate X̄ opt ={ J̄ opt , B̄opt}T  as a reference against which the accuracy of other parameter identi‐
fication search schemes such as the Fast Simulated Diffusion [26] can be judged.

BLMD parameter extraction is generally based on the minimization of the errors of fit ek be‐
tween the observed motor drive target data and BLMD model responses in terms of the con‐
trolled parameter vector X. This identification process results in the adjustment of the J and
B parameters towards global optimality. The search strategy is performed in the neighbour‐
hood of the global extremum using the least squares error criterion in the cost function for‐
mulation between each value of a time series

{ },  ,  1 ,  k kt t t kT T t k n k N= = =  £ £ Î (2)

of n experimental sample points of the actual motor drive response g(tk ) as the target data
reference and the corresponding simulated model response f(X, tk). The objective function
E(X) is defined as the mean square error (MSE) from the residual vector as

1 2, , ,T
ne e e e= ¼é ùë û (3)

as

( ) 21 1
1

nT
kn n kE e

=
= = åX e e (4)

where

Mathematical Analysis for Response Surface Parameter Identification of Motor Dynamics in Electric Vehicle...
http://dx.doi.org/10.5772/54483

329



on the smallness of cost reduction over successive iterations within a specified error bound ε
at termination. The termination criteria are generally not focused on the smallest percentage
variation of the parameter estimates acceptable. However with the quantization δXL of pa‐
rameter space for response surface smoothness, limits for parameter resolvability can be im‐
posed by restricting the identification search process to an integral number k of quantum
steps kδX commensurate with the percentage accuracy %X required in absolute terms such
that %X = kδX. This restricted step approach, in terms of the specified parameter accuracy
sought for BLMD tuning purposes during the setup and commissioning phase, can reduce
the SI computation time to optimality [18].

2. Response surface simulation and analysis [17]

The concept of a simulated response surface (RS) is presented as an aid to motor dynamical
parameter optimization in high performance Brushless Motor Drive (BLMD) identification
with a multiminima objective function. This methodology provides useful information con‐
cerning the formulation and nature of the most suitable objective function to be minimized,
based on actual drive experimental test data available and BLMD model simulation, cou‐
pled with an effective system identification (SI) strategy for accurate motor parameter ex‐
traction. This simple approach, although computationally intensive, can also be used as an
alternative means of providing the optimal set of parameter estimates from inspection of the
global minimum location on the simulated cost surface with embedded local minima. Fur‐
thermore it can be used as a basis for comparison of the effectiveness of other identification
search strategies deployed, such as the Powell Conjugate Direction search method [18] and
Fast Simulated Diffusion algorithm [20,21], in terms of the accuracy of returned parameter
estimates. The problem of inertia J and viscous friction B parameter extraction of an actual
BLMD system over a sinc-function (sinx/x) shaped multiminima cost surface, based on step
response feedback current (FC) target data which has a constant amplitude swept frequency
characteristic, is investigated using response surface simulation. The choice of the FC target
data is based on its excellent coherence properties [24] from step response testing, for check‐
ing BLMD model fidelity and accuracy and for the penalty cost function formulation in SI.
This difficulty with a multiminima objective function converging to a non optimal parame‐
ter estimate, associated with the adoption of the FC target data for motor parameter identifi‐
cation, is examined in the FSD method [20, 21]. An explanation is provided as to the
existence of local minima plurality with the observed FC target data used in the sinc-like
penalty cost surface generation. All classical optimization techniques [22], with the excep‐
tion of modern statistical methods [21], are known to have difficulty with this type of cost
surface in identifying the optimal parameter vector. The problem arises with initialization of
the search strategy far from the global minimum resulting in possible local minimum trap‐
ping and non optimal convergence of the cost minimization algorithm during the parameter
extraction process. This response surface [RS] methodology, however, provides a simple
and effective alternative to classical methods in acquiring an accurate estimate of the global
minimum. Results are presented, which demonstrate the efficacy and reliability of the RS
method in returning accurate estimates for ‘known’ values of the BLMD shaft dynamics.
The application of this FC step response related multiminima cost function in parameter ex‐
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traction is compared with the alternative parabolic shaped shaft velocity objective function
for cost surface selectivity in the vicinity of the global minimum and for accuracy of the re‐
turned identified parameter estimates. A mathematical approximation analysis is provided
for verification of the cost surface shapes resulting from the deployment of step response FC
and shaft velocity as target data in objective function formulation.

2.1. Cost function formulation [18]

Response surface simulation is a useful graphical tool [25] in system identification and can
easily be applied to motor parameter extraction and BLMD model validation. This visual
concept, which has been used in process control optimization [25], provides an intuitive in‐
sight into the topographical structure of the cost function to be minimized and the rapid lo‐
cation of the global minimum. It also provides information on the most suitable
identification search strategy that should be adopted in parameter space to obtain an accu‐
rate estimate X̂ opt ={x̂1 opt , x̂2 opt}T  of the motor dynamics where the inertia J ≡ x1 and viscous
friction B ≡ x2 are the coded variables. The location of the global minimum stationary point
can be obtained by inspection from the simulated cost surface. This approach, although
computationally expensive, can be used to secure an independent alternative optimal esti‐
mate X̄ opt ={ J̄ opt , B̄opt}T  as a reference against which the accuracy of other parameter identi‐
fication search schemes such as the Fast Simulated Diffusion [26] can be judged.

BLMD parameter extraction is generally based on the minimization of the errors of fit ek be‐
tween the observed motor drive target data and BLMD model responses in terms of the con‐
trolled parameter vector X. This identification process results in the adjustment of the J and
B parameters towards global optimality. The search strategy is performed in the neighbour‐
hood of the global extremum using the least squares error criterion in the cost function for‐
mulation between each value of a time series
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of n experimental sample points of the actual motor drive response g(tk ) as the target data
reference and the corresponding simulated model response f(X, tk). The objective function
E(X) is defined as the mean square error (MSE) from the residual vector as
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ek = g(tk )− f (X , tk ) (5)

The MSE generates an error response cost surface in parameter X space based on target data
from one of the internal test points in [1]. The Powell Conjugate Direction (PCD) [23] and
Fast Simulated Diffusion optimization techniques [27] can be applied in conjunction with
the BLMD model in [1] to the response surfaces corresponding to motor shaft velocity Vωr

and winding FC Ifa target data respectively, obtained in torque control mode for different
shaft load inertia listed in [1], for optimal parameter Xopt extraction.

approach, although computationally expensive, can be used to secure an independent alternative 
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Figure 2. Shaft Velocity Cost Surface

The simulated response surfaces E(X) are derived from BLMD simulation, with a fixed time
step of 1μs and appropriate decimation factor, using the model test point o/p f(X,tk) in con‐
junction with the sampled experimental target data
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as the target reference. These penalty cost functions are depicted in Figs.1 and 2 for zero
shaft load conditions over parameter space X=[J,B]T with a crude mesh size δX chosen as per
Table 1 to initially determine surface shape, according to the rotor inertia and friction toler‐
ances likely to be encountered in practice. The experimental test data training records used
in the MSE formulation for each objective function are displayed in Figs.1 and 2.

MSE Cost Surface Type E (X ) Current Feedback: Eifa(J , B) Shaft Velocity: Eωr(J , B)

Data Training Record g(tk ) Current Feedback: I fa(tk ) Shaft Velocity: Vωr(tk )

No. of Data Points Nd @ 20μs 4095 4095

BLMD Parameter varied x Jm (kg.m2) Bm (Nm/rad/sec) Jm (kg.m2) Bm (Nm/rad/sec)

Nominal Parameter Value xm 2.8x10-4 2.14x10-3 2.8x10-4 2.14x10-3

Parameter Tolerance Band Δ x ±20% ±80% ±20% ±80%

Crude Parameter Step size δ x 1.33% 4% 2% 4%

No. of Parameter Steps Nx 30 40 20 40

Parameter Value Returned 2.99x10-4 ~1.54x10-3 3.024x10-4 ~1.626x10-3

Assumed Optimal Parameter Vector Xo for Response Surface Analysis

Xo 3.0x10-4 2.14x10-3 3.0x10-4 2.14x10-3

Table 1. Experimental Cost Surface Formulation for Zero Shaft Load (NSL) Conditions
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conditions over parameter space X=[J,B]T with a crude mesh size X chosen as per Table 1 to 
initially determine surface shape, according to the rotor inertia and friction tolerances likely to be 
encountered in practice. The experimental test data training records used in the MSE formulation for 
each objective function are displayed in Figs.1.08 and 1.09. 
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The anticipated variation in the search cost, likely to be encountered during BLMD system 
identification (SI) over the parameter tolerance band of interest, can be gauged from cross sections 
through the chosen response surface at nominal values of the rotor parameters [Jm,Bm]T. The cost 
variations associated with specific dynamic parameters are illustrated in Figs.5 and 6 for motor 
current feedback and in Figs.7 and 8 for shaft velocity target data. These cross sections provide 
important information regarding the surface shape and curvature and consequently about the nature of 
the stationary points found and type of SI search algorithm that should be deployed over such hitherto 
surface ‘terra incognita’.  
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ek = g(tk )− f (X , tk ) (5)

The MSE generates an error response cost surface in parameter X space based on target data
from one of the internal test points in [1]. The Powell Conjugate Direction (PCD) [23] and
Fast Simulated Diffusion optimization techniques [27] can be applied in conjunction with
the BLMD model in [1] to the response surfaces corresponding to motor shaft velocity Vωr

and winding FC Ifa target data respectively, obtained in torque control mode for different
shaft load inertia listed in [1], for optimal parameter Xopt extraction.

approach, although computationally expensive, can be used to secure an independent alternative 

optimal estimate  Toptopt BJ ,optX  as a reference against which the accuracy of other parameter 
identification search schemes such as the Fast Simulated Diffusion [26] can be judged. 

BLMD parameter extraction is generally based on the minimization of the errors of fit ek between the 
observed motor drive as target data and BLMD model responses in terms of the controlled parameter 
vector X. This identification process results in the adjustment of the J and B parameters towards 
global optimality. The search strategy is performed in the neighbourhood of the global extremum 
using the least squares error criterion in the cost function formulation between each value of a time 
series 
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of n experimental sample points of the actual motor drive response )( ktg  as the target data reference 
and the corresponding simulated model response f(X, tk). The objective function E(X) is defined as 
the mean square error (MSE) from the residual vector as 
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The simulated response surfaces E(X) are derived from BLMD simulation, with a fixed time step of 
1µs and appropriate decimation factor, using the model test point o/p f(X,tk) in conjunction with the 
sampled experimental target data  
                                                              })(),({)( kTIkTVtg fak r                                  (6)  

0.2

0.4

0.6

0

10

20

30
10

20
30

B

J

kJm

jBm

Eifa
m ( )X

Experimental MSE Current Feedback Cost Surface

J =Jmin +kJm

B =Bmin +jBm

Jm =2.8e-4 kg.m-2 20%
Bm =2.14e-3 Nm/rad/s 80%

Jmin = 80%Jm; Jm =4/3% Jm

Bmin = 20%Bm Bm =4% Jm

Main
Lobe

0
10

20
30

0 5 10 15

0.2

0.4

J

B

kJm

jBm

E r ( )X

Experimental MSE Shaft Velocity Cost Surface
J =Jmin +kJm; Jm =2%Jm
B =Bmin +jBm; Bm =4%Bm

Jm =2.8e-4 kg.m-2 20%
Bm =2.14e-3 Nm/rad/s 80%

Jmin = 80%Jm
Bmin = 20%Bm

      Fig.1 : Experimental FC Cost Surface                      Fig.2: Shaft Velocity Cost Surface

Figure 1. Experimental FC Cost Surface
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Figure 2. Shaft Velocity Cost Surface

The simulated response surfaces E(X) are derived from BLMD simulation, with a fixed time
step of 1μs and appropriate decimation factor, using the model test point o/p f(X,tk) in con‐
junction with the sampled experimental target data
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as the target reference. These penalty cost functions are depicted in Figs.1 and 2 for zero
shaft load conditions over parameter space X=[J,B]T with a crude mesh size δX chosen as per
Table 1 to initially determine surface shape, according to the rotor inertia and friction toler‐
ances likely to be encountered in practice. The experimental test data training records used
in the MSE formulation for each objective function are displayed in Figs.1 and 2.

MSE Cost Surface Type E (X ) Current Feedback: Eifa(J , B) Shaft Velocity: Eωr(J , B)

Data Training Record g(tk ) Current Feedback: I fa(tk ) Shaft Velocity: Vωr(tk )

No. of Data Points Nd @ 20μs 4095 4095

BLMD Parameter varied x Jm (kg.m2) Bm (Nm/rad/sec) Jm (kg.m2) Bm (Nm/rad/sec)

Nominal Parameter Value xm 2.8x10-4 2.14x10-3 2.8x10-4 2.14x10-3

Parameter Tolerance Band Δ x ±20% ±80% ±20% ±80%

Crude Parameter Step size δ x 1.33% 4% 2% 4%

No. of Parameter Steps Nx 30 40 20 40

Parameter Value Returned 2.99x10-4 ~1.54x10-3 3.024x10-4 ~1.626x10-3

Assumed Optimal Parameter Vector Xo for Response Surface Analysis

Xo 3.0x10-4 2.14x10-3 3.0x10-4 2.14x10-3

Table 1. Experimental Cost Surface Formulation for Zero Shaft Load (NSL) Conditions

as the target reference. These penalty cost functions are depicted in Figs.1 and 2 for zero shaft load 
conditions over parameter space X=[J,B]T with a crude mesh size X chosen as per Table 1 to 
initially determine surface shape, according to the rotor inertia and friction tolerances likely to be 
encountered in practice. The experimental test data training records used in the MSE formulation for 
each objective function are displayed in Figs.1.08 and 1.09. 
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No. of Parameter Steps Nx 30 40 20 40 
Parameter Value Returned 2.99x10-4 ~1.54x10-3 3.024x10-4 ~1.626x10-3

Assumed Optimal Parameter Vector Xo for Response Surface Analysis
Xo 3.0x10-4 2.14x10-3 3.0x10-4 2.14x10-3

      

The anticipated variation in the search cost, likely to be encountered during BLMD system 
identification (SI) over the parameter tolerance band of interest, can be gauged from cross sections 
through the chosen response surface at nominal values of the rotor parameters [Jm,Bm]T. The cost 
variations associated with specific dynamic parameters are illustrated in Figs.5 and 6 for motor 
current feedback and in Figs.7 and 8 for shaft velocity target data. These cross sections provide 
important information regarding the surface shape and curvature and consequently about the nature of 
the stationary points found and type of SI search algorithm that should be deployed over such hitherto 
surface ‘terra incognita’.  
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as the target reference. These penalty cost functions are depicted in Figs.1 and 2 for zero shaft load 
conditions over parameter space X=[J,B]T with a crude mesh size X chosen as per Table 1 to 
initially determine surface shape, according to the rotor inertia and friction tolerances likely to be 
encountered in practice. The experimental test data training records used in the MSE formulation for 
each objective function are displayed in Figs.1.08 and 1.09. 
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The anticipated variation in the search cost, likely to be encountered during BLMD system 
identification (SI) over the parameter tolerance band of interest, can be gauged from cross sections 
through the chosen response surface at nominal values of the rotor parameters [Jm,Bm]T. The cost 
variations associated with specific dynamic parameters are illustrated in Figs.5 and 6 for motor 
current feedback and in Figs.7 and 8 for shaft velocity target data. These cross sections provide 
important information regarding the surface shape and curvature and consequently about the nature of 
the stationary points found and type of SI search algorithm that should be deployed over such hitherto 
surface ‘terra incognita’.  
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Figure 4. Rotor Shaft Velocity Vω

The anticipated variation in the search cost, likely to be encountered during BLMD system
identification (SI) over the parameter tolerance band of interest, can be gauged from cross
sections through the chosen response surface at nominal values of the rotor parameters
[Jm,Bm]T. The cost variations associated with specific dynamic parameters are illustrated in
Figs.5 and 6 for motor current feedback and in Figs.7 and 8 for shaft velocity target data.
These cross sections provide important information regarding the surface shape and curva‐
ture and consequently about the nature of the stationary points found and type of SI search
algorithm that should be deployed over such hitherto surface ‘terra incognita’.

The FC cost ‘landscape’ highlights the existence of several parabolic shaped ridges, interspersed with 
embedded synclines within its sinc-like folded topography, with a consequent plurality of local 
minima. The cost terrain also shows the presence of a stationary elliptical shaped ridge system 
centrally located in the contour map of Fig. 9 with the possible existence of a ‘line minimum’ [25] 
along the principal/major axis. These multiminima folds are manifested in the constructive and 
destructive interference patterns encountered in the frequency ramp up of the FC sinusoid, when 
compared with the optimal parameter reference or test data waveform, during the transient phase of 
motor acceleration. The shaft velocity cost surface is parabolic shaped as seen from the contour map 
in Fig. 10 but is less selective than its FC equivalent in the vicinity of the global minimum when the 
respective cost surface cross sections with equivalent parameter grid sizes are compared.  

0 6 12 18 24 30
0

0.2

0.4

0.6

0.8

EJ,Bm

Experimental Ifa Cost Cross Section
MSE Variation with J about Bm = Bmin+20Bm

Motor Parameters
Jm =2.8e-4 kg.m-2  20%

Bm =2.14e-3 Nm/rad/s 80%
Jopt =3.0e-4 kg.m-2

MSE

kJm

Global Minimum
Location

Jmin+kJm

Inertia Parameter Variation kJm

0 8 16 24 32 40

0.12

0.24

0.36

0.48

0.6

0.0

EJm,B

Experimental Ifa Cost Cross Section
MSE Variation with B about Jm = Jmin+15JmMSE

jBm

Motor Parameters
Jm =2.8e-4 kg.m-2  40%

Bm =2.14e-3 Nm/rad/s 80%
Jopt =3.0e-4 kg.m-2

Global Minimum
Location

Bmin+jBm

Inertia Parameter Variation jBm

          Fig.5: MSE-Ifa Cross section at Bm                    Fig.6: MSE-Ifa Cross section at Jm

0 5 10 15 20
0.03

0.06

0.09

0.12

0.15

EJ,Bm

Experimental Vr Cost Cross Section
MSE Variation with J about Bm = Bmin+20Bm

Motor Parameters
Jm =2.8e-4 kg.m-2  20%

Bm =2.14e-3 Nm/rad/s 80%
Jopt =3.0e-4 kg.m-2

MSE

kJm

Global Minimum
Location

Jmin+kJm

Inertia Parameter Variation kJm

0 8 16 24 32 40

0.06

0.09

0.12

0.15

0.03

EJm,B

Experimental Vr Cost Cross Section
MSE Variation with B about Jm = Jmin+15Jm

MSE

jBm

Motor Parameters
Jm =2.8e-4 kg.m-2  20%

Bm =2.14e-3 Nm/rad/s 80%
Jopt =3.0e-4 kg.m-2

Global Minimum
Location

Bmin+jBm

Inertia Parameter Variation jBm

       Fig.7: MSE-Vr Cross section at Bm                     Fig.8: MSE-Vr Cross section at Jm

Figure 5. MSE-Ifa Cross section at Bm
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The FC cost ‘landscape’ highlights the existence of several parabolic shaped ridges, interspersed with 
embedded synclines within its sinc-like folded topography, with a consequent plurality of local 
minima. The cost terrain also shows the presence of a stationary elliptical shaped ridge system 
centrally located in the contour map of Fig. 9 with the possible existence of a ‘line minimum’ [25] 
along the principal/major axis. These multiminima folds are manifested in the constructive and 
destructive interference patterns encountered in the frequency ramp up of the FC sinusoid, when 
compared with the optimal parameter reference or test data waveform, during the transient phase of 
motor acceleration. The shaft velocity cost surface is parabolic shaped as seen from the contour map 
in Fig. 10 but is less selective than its FC equivalent in the vicinity of the global minimum when the 
respective cost surface cross sections with equivalent parameter grid sizes are compared.  
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Figure 6. MSE-Ifa Cross section at Jm

The FC cost ‘landscape’ highlights the existence of several parabolic shaped ridges, interspersed with 
embedded synclines within its sinc-like folded topography, with a consequent plurality of local 
minima. The cost terrain also shows the presence of a stationary elliptical shaped ridge system 
centrally located in the contour map of Fig. 9 with the possible existence of a ‘line minimum’ [25] 
along the principal/major axis. These multiminima folds are manifested in the constructive and 
destructive interference patterns encountered in the frequency ramp up of the FC sinusoid, when 
compared with the optimal parameter reference or test data waveform, during the transient phase of 
motor acceleration. The shaft velocity cost surface is parabolic shaped as seen from the contour map 
in Fig. 10 but is less selective than its FC equivalent in the vicinity of the global minimum when the 
respective cost surface cross sections with equivalent parameter grid sizes are compared.  
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Figure 7. MSE-Vωr Cross section at Bm

The FC cost ‘landscape’ highlights the existence of several parabolic shaped ridges, interspersed with 
embedded synclines within its sinc-like folded topography, with a consequent plurality of local 
minima. The cost terrain also shows the presence of a stationary elliptical shaped ridge system 
centrally located in the contour map of Fig. 9 with the possible existence of a ‘line minimum’ [25] 
along the principal/major axis. These multiminima folds are manifested in the constructive and 
destructive interference patterns encountered in the frequency ramp up of the FC sinusoid, when 
compared with the optimal parameter reference or test data waveform, during the transient phase of 
motor acceleration. The shaft velocity cost surface is parabolic shaped as seen from the contour map 
in Fig. 10 but is less selective than its FC equivalent in the vicinity of the global minimum when the 
respective cost surface cross sections with equivalent parameter grid sizes are compared.  
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as the target reference. These penalty cost functions are depicted in Figs.1 and 2 for zero shaft load 
conditions over parameter space X=[J,B]T with a crude mesh size X chosen as per Table 1 to 
initially determine surface shape, according to the rotor inertia and friction tolerances likely to be 
encountered in practice. The experimental test data training records used in the MSE formulation for 
each objective function are displayed in Figs.1.08 and 1.09. 

Table 1 Experimental Cost Surface Formulation for Zero Shaft Load (NSL) Conditions
MSE Cost Surface Type )(XE  Current Feedback: ),( BJEifa  Shaft Velocity: ),( BJE r

Data Training Record )( ktg Current Feedback: )( kfa tI Shaft Velocity: )( kr tV
No. of Data Points Nd @ 20s 4095 4095 

BLMD Parameter varied x Jm (kg.m2) Bm (Nm/rad/sec) Jm (kg.m2) Bm (Nm/rad/sec) 
Nominal Parameter Value xm 2.8x10-4  2.14x10-3 2.8x10-4 2.14x10-3

Parameter Tolerance Band x 20% 80% 20% 80%
Crude Parameter Step size x 1.33% 4% 2% 4% 

No. of Parameter Steps Nx 30 40 20 40 
Parameter Value Returned 2.99x10-4 ~1.54x10-3 3.024x10-4 ~1.626x10-3

Assumed Optimal Parameter Vector Xo for Response Surface Analysis
Xo 3.0x10-4 2.14x10-3 3.0x10-4 2.14x10-3

      

The anticipated variation in the search cost, likely to be encountered during BLMD system 
identification (SI) over the parameter tolerance band of interest, can be gauged from cross sections 
through the chosen response surface at nominal values of the rotor parameters [Jm,Bm]T. The cost 
variations associated with specific dynamic parameters are illustrated in Figs.5 and 6 for motor 
current feedback and in Figs.7 and 8 for shaft velocity target data. These cross sections provide 
important information regarding the surface shape and curvature and consequently about the nature of 
the stationary points found and type of SI search algorithm that should be deployed over such hitherto 
surface ‘terra incognita’.  
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Figure 4. Rotor Shaft Velocity Vω

The anticipated variation in the search cost, likely to be encountered during BLMD system
identification (SI) over the parameter tolerance band of interest, can be gauged from cross
sections through the chosen response surface at nominal values of the rotor parameters
[Jm,Bm]T. The cost variations associated with specific dynamic parameters are illustrated in
Figs.5 and 6 for motor current feedback and in Figs.7 and 8 for shaft velocity target data.
These cross sections provide important information regarding the surface shape and curva‐
ture and consequently about the nature of the stationary points found and type of SI search
algorithm that should be deployed over such hitherto surface ‘terra incognita’.

The FC cost ‘landscape’ highlights the existence of several parabolic shaped ridges, interspersed with 
embedded synclines within its sinc-like folded topography, with a consequent plurality of local 
minima. The cost terrain also shows the presence of a stationary elliptical shaped ridge system 
centrally located in the contour map of Fig. 9 with the possible existence of a ‘line minimum’ [25] 
along the principal/major axis. These multiminima folds are manifested in the constructive and 
destructive interference patterns encountered in the frequency ramp up of the FC sinusoid, when 
compared with the optimal parameter reference or test data waveform, during the transient phase of 
motor acceleration. The shaft velocity cost surface is parabolic shaped as seen from the contour map 
in Fig. 10 but is less selective than its FC equivalent in the vicinity of the global minimum when the 
respective cost surface cross sections with equivalent parameter grid sizes are compared.  
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Figure 5. MSE-Ifa Cross section at Bm
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The FC cost ‘landscape’ highlights the existence of several parabolic shaped ridges, interspersed with 
embedded synclines within its sinc-like folded topography, with a consequent plurality of local 
minima. The cost terrain also shows the presence of a stationary elliptical shaped ridge system 
centrally located in the contour map of Fig. 9 with the possible existence of a ‘line minimum’ [25] 
along the principal/major axis. These multiminima folds are manifested in the constructive and 
destructive interference patterns encountered in the frequency ramp up of the FC sinusoid, when 
compared with the optimal parameter reference or test data waveform, during the transient phase of 
motor acceleration. The shaft velocity cost surface is parabolic shaped as seen from the contour map 
in Fig. 10 but is less selective than its FC equivalent in the vicinity of the global minimum when the 
respective cost surface cross sections with equivalent parameter grid sizes are compared.  
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Figure 6. MSE-Ifa Cross section at Jm

The FC cost ‘landscape’ highlights the existence of several parabolic shaped ridges, interspersed with 
embedded synclines within its sinc-like folded topography, with a consequent plurality of local 
minima. The cost terrain also shows the presence of a stationary elliptical shaped ridge system 
centrally located in the contour map of Fig. 9 with the possible existence of a ‘line minimum’ [25] 
along the principal/major axis. These multiminima folds are manifested in the constructive and 
destructive interference patterns encountered in the frequency ramp up of the FC sinusoid, when 
compared with the optimal parameter reference or test data waveform, during the transient phase of 
motor acceleration. The shaft velocity cost surface is parabolic shaped as seen from the contour map 
in Fig. 10 but is less selective than its FC equivalent in the vicinity of the global minimum when the 
respective cost surface cross sections with equivalent parameter grid sizes are compared.  
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Figure 7. MSE-Vωr Cross section at Bm

The FC cost ‘landscape’ highlights the existence of several parabolic shaped ridges, interspersed with 
embedded synclines within its sinc-like folded topography, with a consequent plurality of local 
minima. The cost terrain also shows the presence of a stationary elliptical shaped ridge system 
centrally located in the contour map of Fig. 9 with the possible existence of a ‘line minimum’ [25] 
along the principal/major axis. These multiminima folds are manifested in the constructive and 
destructive interference patterns encountered in the frequency ramp up of the FC sinusoid, when 
compared with the optimal parameter reference or test data waveform, during the transient phase of 
motor acceleration. The shaft velocity cost surface is parabolic shaped as seen from the contour map 
in Fig. 10 but is less selective than its FC equivalent in the vicinity of the global minimum when the 
respective cost surface cross sections with equivalent parameter grid sizes are compared.  
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Figure 8. MSE-Vωr Cross section at Jm
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The FC cost ‘landscape’ highlights the existence of several parabolic shaped ridges, inter‐
spersed with embedded synclines within its sinc-like folded topography, with a consequent
plurality of local minima. The cost terrain also shows the presence of a stationary elliptical
shaped ridge system centrally located in the contour map of Fig. 9 with the possible exis‐
tence of a ‘line minimum’ [25] along the principal/major axis. These multiminima folds are
manifested in the constructive and destructive interference patterns encountered in the fre‐
quency ramp up of the FC sinusoid, when compared with the optimal parameter reference
or test data waveform, during the transient phase of motor acceleration. The shaft velocity
cost surface is parabolic shaped as seen from the contour map in Fig. 10 but is less selective
than its FC equivalent in the vicinity of the global minimum when the respective cost sur‐
face cross sections with equivalent parameter grid sizes are compared.

It is evident from Figs. 9 and 10 that both objective functions possess long wedge shaped stationary 
valleys in the response surfaces with no ‘apparent’ clearly defined global minimizer. The observed 
near linear dependence of the surface shape on the parameters in a ‘line minimum’ along the valley 
floor indicates that B is commensurate with J in the ratio J/B which is the dynamical time constant m
of the motor. The B parameter, which is the least likely of the two to vary in the electromechanical 
drive applications [8,9] can to be acquired from dynamic testing as per [1] to free the other parameter 
for identification purposes. This reduces the identification problem to single parameter extraction in J
or alternatively in m, where parameter decoupling is non essential, for controller design purpose. 

Response surface simulation provides an alternative route of accurately estimating the optimal 
parameter vector Xopt by means of inspection of the surface minimum cost. This method, although 
computationally expensive, can be used as a yardstick by which the overall convergence performance 
of other identifications schemes [21] can be contrasted, such as FSD, over a range of motor shaft 
inertial loads. The response surfaces can be simulated initially using a coarse parameter mesh size, for 
a range of supposedly ‘unknown’ motor inertial load test cases for shaft velocity and current feedback 
MSE objective functions, for rapid location of the global minimum. Further refinement in mesh size 
can be made down to the parameter step sizes necessary in the vicinity of the global minimum for 
accurate resolution of the optimal parameter set. Results, which demonstrate the accuracy and 
effectiveness of RS simulation, are presented for global minimum estimates of motor shaft inertia 
which are in close agreement with known test inertial load values. 

2.2 Novel Mathematical Analysis of Response Surface [18] – Modelling and Simulation  

Response surfaces can be generated for the BLMD shaft velocity and current feedback step responses, 
as the mean squared error cost function between an actual drive experimental target data record and 
simulated model responses, by varying J and B over the two dimensional dynamical parameter space 
of interest. This graphical procedure is then used to shed light on the shape of the respective cost 
surfaces and to make a decision as to the most efficient parameter identification strategy to be 
deployed in each case. Inspection of each of the 2-D MSE response surfaces reveal the existence of 
‘open’ wedge shaped stationary regions principally in the B-parameter direction containing what 
appears to be a global ‘line’ minimum in both cases. From a parameter identification perspective such 
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Figure 9. Experimental MSE-Ifa Contour Map

It is evident from Figs. 9 and 10 that both objective functions possess long wedge shaped stationary 
valleys in the response surfaces with no ‘apparent’ clearly defined global minimizer. The observed 
near linear dependence of the surface shape on the parameters in a ‘line minimum’ along the valley 
floor indicates that B is commensurate with J in the ratio J/B which is the dynamical time constant m
of the motor. The B parameter, which is the least likely of the two to vary in the electromechanical 
drive applications [8,9] can to be acquired from dynamic testing as per [1] to free the other parameter 
for identification purposes. This reduces the identification problem to single parameter extraction in J
or alternatively in m, where parameter decoupling is non essential, for controller design purpose. 

Response surface simulation provides an alternative route of accurately estimating the optimal 
parameter vector Xopt by means of inspection of the surface minimum cost. This method, although 
computationally expensive, can be used as a yardstick by which the overall convergence performance 
of other identifications schemes [21] can be contrasted, such as FSD, over a range of motor shaft 
inertial loads. The response surfaces can be simulated initially using a coarse parameter mesh size, for 
a range of supposedly ‘unknown’ motor inertial load test cases for shaft velocity and current feedback 
MSE objective functions, for rapid location of the global minimum. Further refinement in mesh size 
can be made down to the parameter step sizes necessary in the vicinity of the global minimum for 
accurate resolution of the optimal parameter set. Results, which demonstrate the accuracy and 
effectiveness of RS simulation, are presented for global minimum estimates of motor shaft inertia 
which are in close agreement with known test inertial load values. 

2.2 Novel Mathematical Analysis of Response Surface [18] – Modelling and Simulation  

Response surfaces can be generated for the BLMD shaft velocity and current feedback step responses, 
as the mean squared error cost function between an actual drive experimental target data record and 
simulated model responses, by varying J and B over the two dimensional dynamical parameter space 
of interest. This graphical procedure is then used to shed light on the shape of the respective cost 
surfaces and to make a decision as to the most efficient parameter identification strategy to be 
deployed in each case. Inspection of each of the 2-D MSE response surfaces reveal the existence of 
‘open’ wedge shaped stationary regions principally in the B-parameter direction containing what 
appears to be a global ‘line’ minimum in both cases. From a parameter identification perspective such 
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It is evident from Figs. 9 and 10 that both objective functions possess long wedge shaped
stationary valleys in the response surfaces with no ‘apparent’ clearly defined global mini‐
mizer. The observed near linear dependence of the surface shape on the parameters in a ‘line
minimum’ along the valley floor indicates that B is commensurate with J in the ratio J/B
which is the dynamical time constant τm of the motor. The B parameter, which is the least
likely of the two to vary in the electromechanical drive applications [8,9] can to be acquired
from dynamic testing as per [1] to free the other parameter for identification purposes. This
reduces the identification problem to single parameter extraction in J or alternatively in τm,
where parameter decoupling is non essential, for controller design purpose.

Response surface simulation provides an alternative route of accurately estimating the opti‐
mal parameter vector Xopt by means of inspection of the surface minimum cost. This method,
although computationally expensive, can be used as a yardstick by which the overall con‐
vergence performance of other identifications schemes [21] can be contrasted, such as FSD,
over a range of motor shaft inertial loads. The response surfaces can be simulated initially
using a coarse parameter mesh size, for a range of supposedly ‘unknown’ motor inertial
load test cases for shaft velocity and current feedback MSE objective functions, for rapid lo‐
cation of the global minimum. Further refinement in mesh size can be made down to the
parameter step sizes necessary in the vicinity of the global minimum for accurate resolution
of the optimal parameter set. Results, which demonstrate the accuracy and effectiveness of
RS simulation, are presented for global minimum estimates of motor shaft inertia which are
in close agreement with known test inertial load values.

2.2. Novel mathematical analysis of response surface [18] – Modelling and simulation

Response surfaces can be generated for the BLMD shaft velocity and current feedback step
responses, as the mean squared error cost function between an actual drive experimental
target data record and simulated model responses, by varying J and B over the two dimen‐
sional dynamical parameter space of interest. This graphical procedure is then used to shed
light on the shape of the respective cost surfaces and to make a decision as to the most effi‐
cient parameter identification strategy to be deployed in each case. Inspection of each of the
2-D MSE response surfaces reveal the existence of ‘open’ wedge shaped stationary regions
principally in the B-parameter direction containing what appears to be a global ‘line’ mini‐
mum in both cases. From a parameter identification perspective such open stationary re‐
gions would mean an infinite number of admissible solutions and thus uncertainty in the
parameters extracted. The presence of such a difficulty would require careful measurement
of one the parameters, in this case the friction as this is the principal direction that the line
minimum appears to exists, in order to free the other (J) for identification. A novel mathe‐
matical analysis is presented in this chapter to determine whether or not these embedded
stationary regions are open. This approach is articulated by formulating a simple quadratic
model approximation of the cost surface stationary regions over a small neighbourhood of
parameter space, with interacting J and B terms, for proposed model accuracy. The BLMD
model step responses are also approximated by simple analytical expressions over response
time spans that are very short by comparison with the dynamical time constant τm for vali‐
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The FC cost ‘landscape’ highlights the existence of several parabolic shaped ridges, inter‐
spersed with embedded synclines within its sinc-like folded topography, with a consequent
plurality of local minima. The cost terrain also shows the presence of a stationary elliptical
shaped ridge system centrally located in the contour map of Fig. 9 with the possible exis‐
tence of a ‘line minimum’ [25] along the principal/major axis. These multiminima folds are
manifested in the constructive and destructive interference patterns encountered in the fre‐
quency ramp up of the FC sinusoid, when compared with the optimal parameter reference
or test data waveform, during the transient phase of motor acceleration. The shaft velocity
cost surface is parabolic shaped as seen from the contour map in Fig. 10 but is less selective
than its FC equivalent in the vicinity of the global minimum when the respective cost sur‐
face cross sections with equivalent parameter grid sizes are compared.

It is evident from Figs. 9 and 10 that both objective functions possess long wedge shaped stationary 
valleys in the response surfaces with no ‘apparent’ clearly defined global minimizer. The observed 
near linear dependence of the surface shape on the parameters in a ‘line minimum’ along the valley 
floor indicates that B is commensurate with J in the ratio J/B which is the dynamical time constant m
of the motor. The B parameter, which is the least likely of the two to vary in the electromechanical 
drive applications [8,9] can to be acquired from dynamic testing as per [1] to free the other parameter 
for identification purposes. This reduces the identification problem to single parameter extraction in J
or alternatively in m, where parameter decoupling is non essential, for controller design purpose. 

Response surface simulation provides an alternative route of accurately estimating the optimal 
parameter vector Xopt by means of inspection of the surface minimum cost. This method, although 
computationally expensive, can be used as a yardstick by which the overall convergence performance 
of other identifications schemes [21] can be contrasted, such as FSD, over a range of motor shaft 
inertial loads. The response surfaces can be simulated initially using a coarse parameter mesh size, for 
a range of supposedly ‘unknown’ motor inertial load test cases for shaft velocity and current feedback 
MSE objective functions, for rapid location of the global minimum. Further refinement in mesh size 
can be made down to the parameter step sizes necessary in the vicinity of the global minimum for 
accurate resolution of the optimal parameter set. Results, which demonstrate the accuracy and 
effectiveness of RS simulation, are presented for global minimum estimates of motor shaft inertia 
which are in close agreement with known test inertial load values. 

2.2 Novel Mathematical Analysis of Response Surface [18] – Modelling and Simulation  

Response surfaces can be generated for the BLMD shaft velocity and current feedback step responses, 
as the mean squared error cost function between an actual drive experimental target data record and 
simulated model responses, by varying J and B over the two dimensional dynamical parameter space 
of interest. This graphical procedure is then used to shed light on the shape of the respective cost 
surfaces and to make a decision as to the most efficient parameter identification strategy to be 
deployed in each case. Inspection of each of the 2-D MSE response surfaces reveal the existence of 
‘open’ wedge shaped stationary regions principally in the B-parameter direction containing what 
appears to be a global ‘line’ minimum in both cases. From a parameter identification perspective such 
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It is evident from Figs. 9 and 10 that both objective functions possess long wedge shaped stationary 
valleys in the response surfaces with no ‘apparent’ clearly defined global minimizer. The observed 
near linear dependence of the surface shape on the parameters in a ‘line minimum’ along the valley 
floor indicates that B is commensurate with J in the ratio J/B which is the dynamical time constant m
of the motor. The B parameter, which is the least likely of the two to vary in the electromechanical 
drive applications [8,9] can to be acquired from dynamic testing as per [1] to free the other parameter 
for identification purposes. This reduces the identification problem to single parameter extraction in J
or alternatively in m, where parameter decoupling is non essential, for controller design purpose. 

Response surface simulation provides an alternative route of accurately estimating the optimal 
parameter vector Xopt by means of inspection of the surface minimum cost. This method, although 
computationally expensive, can be used as a yardstick by which the overall convergence performance 
of other identifications schemes [21] can be contrasted, such as FSD, over a range of motor shaft 
inertial loads. The response surfaces can be simulated initially using a coarse parameter mesh size, for 
a range of supposedly ‘unknown’ motor inertial load test cases for shaft velocity and current feedback 
MSE objective functions, for rapid location of the global minimum. Further refinement in mesh size 
can be made down to the parameter step sizes necessary in the vicinity of the global minimum for 
accurate resolution of the optimal parameter set. Results, which demonstrate the accuracy and 
effectiveness of RS simulation, are presented for global minimum estimates of motor shaft inertia 
which are in close agreement with known test inertial load values. 

2.2 Novel Mathematical Analysis of Response Surface [18] – Modelling and Simulation  

Response surfaces can be generated for the BLMD shaft velocity and current feedback step responses, 
as the mean squared error cost function between an actual drive experimental target data record and 
simulated model responses, by varying J and B over the two dimensional dynamical parameter space 
of interest. This graphical procedure is then used to shed light on the shape of the respective cost 
surfaces and to make a decision as to the most efficient parameter identification strategy to be 
deployed in each case. Inspection of each of the 2-D MSE response surfaces reveal the existence of 
‘open’ wedge shaped stationary regions principally in the B-parameter direction containing what 
appears to be a global ‘line’ minimum in both cases. From a parameter identification perspective such 
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It is evident from Figs. 9 and 10 that both objective functions possess long wedge shaped
stationary valleys in the response surfaces with no ‘apparent’ clearly defined global mini‐
mizer. The observed near linear dependence of the surface shape on the parameters in a ‘line
minimum’ along the valley floor indicates that B is commensurate with J in the ratio J/B
which is the dynamical time constant τm of the motor. The B parameter, which is the least
likely of the two to vary in the electromechanical drive applications [8,9] can to be acquired
from dynamic testing as per [1] to free the other parameter for identification purposes. This
reduces the identification problem to single parameter extraction in J or alternatively in τm,
where parameter decoupling is non essential, for controller design purpose.

Response surface simulation provides an alternative route of accurately estimating the opti‐
mal parameter vector Xopt by means of inspection of the surface minimum cost. This method,
although computationally expensive, can be used as a yardstick by which the overall con‐
vergence performance of other identifications schemes [21] can be contrasted, such as FSD,
over a range of motor shaft inertial loads. The response surfaces can be simulated initially
using a coarse parameter mesh size, for a range of supposedly ‘unknown’ motor inertial
load test cases for shaft velocity and current feedback MSE objective functions, for rapid lo‐
cation of the global minimum. Further refinement in mesh size can be made down to the
parameter step sizes necessary in the vicinity of the global minimum for accurate resolution
of the optimal parameter set. Results, which demonstrate the accuracy and effectiveness of
RS simulation, are presented for global minimum estimates of motor shaft inertia which are
in close agreement with known test inertial load values.

2.2. Novel mathematical analysis of response surface [18] – Modelling and simulation

Response surfaces can be generated for the BLMD shaft velocity and current feedback step
responses, as the mean squared error cost function between an actual drive experimental
target data record and simulated model responses, by varying J and B over the two dimen‐
sional dynamical parameter space of interest. This graphical procedure is then used to shed
light on the shape of the respective cost surfaces and to make a decision as to the most effi‐
cient parameter identification strategy to be deployed in each case. Inspection of each of the
2-D MSE response surfaces reveal the existence of ‘open’ wedge shaped stationary regions
principally in the B-parameter direction containing what appears to be a global ‘line’ mini‐
mum in both cases. From a parameter identification perspective such open stationary re‐
gions would mean an infinite number of admissible solutions and thus uncertainty in the
parameters extracted. The presence of such a difficulty would require careful measurement
of one the parameters, in this case the friction as this is the principal direction that the line
minimum appears to exists, in order to free the other (J) for identification. A novel mathe‐
matical analysis is presented in this chapter to determine whether or not these embedded
stationary regions are open. This approach is articulated by formulating a simple quadratic
model approximation of the cost surface stationary regions over a small neighbourhood of
parameter space, with interacting J and B terms, for proposed model accuracy. The BLMD
model step responses are also approximated by simple analytical expressions over response
time spans that are very short by comparison with the dynamical time constant τm for vali‐
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dation and accuracy of the response surface quadratic model approximation. These simple
step response representations, in which the parameters J and B can be adjusted over the
space of interest for local cost surface generation and analysis of the stationary region, are
included along with the relevant experimental target data in the cost surface quadratic mod‐
el approximation. This mathematical analysis, employing the simplified quadratic model for
both cost surfaces, can be used to show:

• that the stationary regions for the current feedback and shaft velocity objective functions
are closed and bounded indicating the presence of a trapped global minimum,

• how closely the dynamical J and B parameters are coupled by making a comparison of the
extracted quadratic model eigenvalues,

• that a line minimum exists principally in the B parameter direction and quantifies the ex‐
tent of this B-line minimum by the eigenvalue ratio

• establishes the degree of ill conditioning for the global minimum solution parameter vec‐
tor estimate XS extracted from the minimized quadratic model.

Furthermore this analysis also demonstrates that the current feedback response surface has
better selectivity in the global stationary region than the shaft velocity equivalent with in‐
creasing data record lengths. This outcome helps in the decision analysis that favours the
use of current feedback target data in cost function formulation for dynamical parameter
identification.

open stationary regions would mean an infinite number of admissible solutions and thus uncertainty 
in the parameters extracted. The presence of such a difficulty would require careful measurement of 
one the parameters, in this case the friction as this is the principal direction that the line minimum 
appears to exists, in order to free the other (J) for identification. A novel mathematical analysis is 
presented in this chapter to determine whether or not these embedded stationary regions are open. 
This approach is articulated by formulating a simple quadratic model approximation of the cost 
surface stationary regions over a small neighbourhood of parameter space, with interacting J and B
terms, for proposed model accuracy. The BLMD model step responses are also approximated by 
simple analytical expressions over response time spans that are very short by comparison with the 
dynamical time constant m  for validation and accuracy of the response surface quadratic model 
approximation. These simple step response representations, in which the parameters J and B can be 
adjusted over the space of interest for local cost surface generation and analysis of the stationary 
region, are included along with the relevant experimental target data in the cost surface quadratic 
model approximation. This mathematical analysis, employing the simplified quadratic model for both 
cost surfaces, can be used to show: 

 that the stationary regions for the current feedback and shaft velocity objective functions are 
closed and bounded indicating the presence of a trapped global minimum,  

 how closely the dynamical J and B parameters are coupled by making a comparison of the 
extracted quadratic model eigenvalues,  

 that a line minimum exists principally in the B parameter direction and quantifies the extent of 
this B-line minimum by the eigenvalue ratio  

 establishes the degree of ill conditioning for the global minimum solution parameter vector 
estimate XS extracted from the minimized quadratic model. 

Furthermore this analysis also demonstrates that the current feedback response surface has better 
selectivity in the global stationary region than the shaft velocity equivalent with increasing data 
record lengths. This outcome helps in the decision analysis that favours the use of current feedback 
target data in cost function formulation for dynamical parameter identification. 

The observed topographical features in the above penalty response surfaces can be anticipated from 
the following approximation analysis. Initially the developed electromagnetic torque e is at a 
maximum for unit torque demand step input d and remains so for a very short time as per the BLMD 
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Figure 11. EM Torque Variation with Bm & Jm

The observed topographical features in the above penalty response surfaces can be anticipat‐
ed from the following approximation analysis. Initially the developed electromagnetic torque
Γe is at a maximum for unit torque demand step input Γd and remains so for a very short time as
per the BLMD model simulation in Fig.11 until the shaft speed starts to build up exponentially
as in Fig. 12 with time constant τm. The back-emf term vej in [1] becomes substantial causing a
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decrease in winding current ijs which reduces the applied torque. Furthermore the increased
rotor angular velocity ωr causes the machine impedance angle ϕz in [1] to approach π / 2 and
forces the winding currents into quadrature with the current command signals idj with subse‐
quent torque reduction as in [1]. The variation in applied motor torque with the worst case
spread of dynamical time constant τm values, observed for the parameter tolerance ranges in
Table  1  with  zero  shaft  load  conditions,  is  small  over  the  motor  acceleration  period
(t̂ =0.08sec≈60%τm) shown in Fig.11. The average value of applied mechanical torque Γem is
1Nm and is assumed constant over the period t̂ for tractability reasons in the following analy‐
sis of the cost surfaces used in the PCD and FSD methods of parameter extraction. However
this value deteriorates over longer time spans as the winding current moves out of phase align‐
ment with current demand as motor speed increases and thus with the back EMF. The simulat‐
ed shaft speed variation with time, based on the nominal parameter vector Xm in Table 1 and
displayed in Fig.12 for a step i/p torque demand Γd (~1v) is given by (7)-(a)
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Similarly the corresponding shaft speed variation with time at the assumed optimum parame‐
ters {Jo, Bo} in Table 1, which are be identified from cost surface trial analysis, is given by (7)-(b)

The sampled motor speed ‘test’ data ωr
o(tk ) generated via (7)-(b) can now be used as target ref‐

erence ‘test’ data in the simulated trial cost function Eωr
O  for analytical purposes. The optimal

parameter set Xo is supposedly unknown and the task here is to obtain a good estimate
J̄ o, B̄o

T  of this vector in the following cost surface analysis for verification of the RS strategy.
The variation in the time constant τm over the permitted parameter tolerance ranges employed
in the response surface generation, such as those in Figs 1 and 2 relying on experimental test
data, is insufficient to cause departure from nominal applied torque Γem for the short time span
shown in Fig.11. The shaft speed variation in this instance is approximated by

open stationary regions would mean an infinite number of admissible solutions and thus uncertainty 
in the parameters extracted. The presence of such a difficulty would require careful measurement of 
one the parameters, in this case the friction as this is the principal direction that the line minimum 
appears to exists, in order to free the other (J) for identification. A novel mathematical analysis is 
presented in this chapter to determine whether or not these embedded stationary regions are open. 
This approach is articulated by formulating a simple quadratic model approximation of the cost 
surface stationary regions over a small neighbourhood of parameter space, with interacting J and B
terms, for proposed model accuracy. The BLMD model step responses are also approximated by 
simple analytical expressions over response time spans that are very short by comparison with the 
dynamical time constant mt  for validation and accuracy of the response surface quadratic model 
approximation. These simple step response representations, in which the parameters J and B can be 
adjusted over the space of interest for local cost surface generation and analysis of the stationary 
region, are included along with the relevant experimental target data in the cost surface quadratic 
model approximation. This mathematical analysis, employing the simplified quadratic model for both 
cost surfaces, can be used to show: 

 that the stationary regions for the current feedback and shaft velocity objective functions are 
closed and bounded indicating the presence of a trapped global minimum,  

 how closely the dynamical J and B parameters are coupled by making a comparison of the 
extracted quadratic model eigenvalues,  

 that a line minimum exists principally in the B parameter direction and quantifies the extent of 
this B-line minimum by the eigenvalue ratio  

 establishes the degree of ill conditioning for the global minimum solution parameter vector 
estimate XS extracted from the minimized quadratic model. 

Furthermore this analysis also demonstrates that the current feedback response surface has better 
selectivity in the global stationary region than the shaft velocity equivalent with increasing data 
record lengths. This outcome helps in the decision analysis that favours the use of current feedback 
target data in cost function formulation for dynamical parameter identification. 

The observed topographical features in the above penalty response surfaces can be anticipated from 
the following approximation analysis. Initially the developed electromagnetic torque Ge is at a 
maximum for unit torque demand step input Gd and remains so for a very short time as per the BLMD 
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dation and accuracy of the response surface quadratic model approximation. These simple
step response representations, in which the parameters J and B can be adjusted over the
space of interest for local cost surface generation and analysis of the stationary region, are
included along with the relevant experimental target data in the cost surface quadratic mod‐
el approximation. This mathematical analysis, employing the simplified quadratic model for
both cost surfaces, can be used to show:

• that the stationary regions for the current feedback and shaft velocity objective functions
are closed and bounded indicating the presence of a trapped global minimum,

• how closely the dynamical J and B parameters are coupled by making a comparison of the
extracted quadratic model eigenvalues,

• that a line minimum exists principally in the B parameter direction and quantifies the ex‐
tent of this B-line minimum by the eigenvalue ratio

• establishes the degree of ill conditioning for the global minimum solution parameter vec‐
tor estimate XS extracted from the minimized quadratic model.

Furthermore this analysis also demonstrates that the current feedback response surface has
better selectivity in the global stationary region than the shaft velocity equivalent with in‐
creasing data record lengths. This outcome helps in the decision analysis that favours the
use of current feedback target data in cost function formulation for dynamical parameter
identification.

open stationary regions would mean an infinite number of admissible solutions and thus uncertainty 
in the parameters extracted. The presence of such a difficulty would require careful measurement of 
one the parameters, in this case the friction as this is the principal direction that the line minimum 
appears to exists, in order to free the other (J) for identification. A novel mathematical analysis is 
presented in this chapter to determine whether or not these embedded stationary regions are open. 
This approach is articulated by formulating a simple quadratic model approximation of the cost 
surface stationary regions over a small neighbourhood of parameter space, with interacting J and B
terms, for proposed model accuracy. The BLMD model step responses are also approximated by 
simple analytical expressions over response time spans that are very short by comparison with the 
dynamical time constant m  for validation and accuracy of the response surface quadratic model 
approximation. These simple step response representations, in which the parameters J and B can be 
adjusted over the space of interest for local cost surface generation and analysis of the stationary 
region, are included along with the relevant experimental target data in the cost surface quadratic 
model approximation. This mathematical analysis, employing the simplified quadratic model for both 
cost surfaces, can be used to show: 

 that the stationary regions for the current feedback and shaft velocity objective functions are 
closed and bounded indicating the presence of a trapped global minimum,  

 how closely the dynamical J and B parameters are coupled by making a comparison of the 
extracted quadratic model eigenvalues,  

 that a line minimum exists principally in the B parameter direction and quantifies the extent of 
this B-line minimum by the eigenvalue ratio  

 establishes the degree of ill conditioning for the global minimum solution parameter vector 
estimate XS extracted from the minimized quadratic model. 

Furthermore this analysis also demonstrates that the current feedback response surface has better 
selectivity in the global stationary region than the shaft velocity equivalent with increasing data 
record lengths. This outcome helps in the decision analysis that favours the use of current feedback 
target data in cost function formulation for dynamical parameter identification. 

The observed topographical features in the above penalty response surfaces can be anticipated from 
the following approximation analysis. Initially the developed electromagnetic torque e is at a 
maximum for unit torque demand step input d and remains so for a very short time as per the BLMD 
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Figure 11. EM Torque Variation with Bm & Jm

The observed topographical features in the above penalty response surfaces can be anticipat‐
ed from the following approximation analysis. Initially the developed electromagnetic torque
Γe is at a maximum for unit torque demand step input Γd and remains so for a very short time as
per the BLMD model simulation in Fig.11 until the shaft speed starts to build up exponentially
as in Fig. 12 with time constant τm. The back-emf term vej in [1] becomes substantial causing a

New Generation of Electric Vehicles336

decrease in winding current ijs which reduces the applied torque. Furthermore the increased
rotor angular velocity ωr causes the machine impedance angle ϕz in [1] to approach π / 2 and
forces the winding currents into quadrature with the current command signals idj with subse‐
quent torque reduction as in [1]. The variation in applied motor torque with the worst case
spread of dynamical time constant τm values, observed for the parameter tolerance ranges in
Table  1  with  zero  shaft  load  conditions,  is  small  over  the  motor  acceleration  period
(t̂ =0.08sec≈60%τm) shown in Fig.11. The average value of applied mechanical torque Γem is
1Nm and is assumed constant over the period t̂ for tractability reasons in the following analy‐
sis of the cost surfaces used in the PCD and FSD methods of parameter extraction. However
this value deteriorates over longer time spans as the winding current moves out of phase align‐
ment with current demand as motor speed increases and thus with the back EMF. The simulat‐
ed shaft speed variation with time, based on the nominal parameter vector Xm in Table 1 and
displayed in Fig.12 for a step i/p torque demand Γd (~1v) is given by (7)-(a)
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Similarly the corresponding shaft speed variation with time at the assumed optimum parame‐
ters {Jo, Bo} in Table 1, which are be identified from cost surface trial analysis, is given by (7)-(b)

The sampled motor speed ‘test’ data ωr
o(tk ) generated via (7)-(b) can now be used as target ref‐

erence ‘test’ data in the simulated trial cost function Eωr
O  for analytical purposes. The optimal

parameter set Xo is supposedly unknown and the task here is to obtain a good estimate
J̄ o, B̄o

T  of this vector in the following cost surface analysis for verification of the RS strategy.
The variation in the time constant τm over the permitted parameter tolerance ranges employed
in the response surface generation, such as those in Figs 1 and 2 relying on experimental test
data, is insufficient to cause departure from nominal applied torque Γem for the short time span
shown in Fig.11. The shaft speed variation in this instance is approximated by

open stationary regions would mean an infinite number of admissible solutions and thus uncertainty 
in the parameters extracted. The presence of such a difficulty would require careful measurement of 
one the parameters, in this case the friction as this is the principal direction that the line minimum 
appears to exists, in order to free the other (J) for identification. A novel mathematical analysis is 
presented in this chapter to determine whether or not these embedded stationary regions are open. 
This approach is articulated by formulating a simple quadratic model approximation of the cost 
surface stationary regions over a small neighbourhood of parameter space, with interacting J and B
terms, for proposed model accuracy. The BLMD model step responses are also approximated by 
simple analytical expressions over response time spans that are very short by comparison with the 
dynamical time constant mt  for validation and accuracy of the response surface quadratic model 
approximation. These simple step response representations, in which the parameters J and B can be 
adjusted over the space of interest for local cost surface generation and analysis of the stationary 
region, are included along with the relevant experimental target data in the cost surface quadratic 
model approximation. This mathematical analysis, employing the simplified quadratic model for both 
cost surfaces, can be used to show: 

 that the stationary regions for the current feedback and shaft velocity objective functions are 
closed and bounded indicating the presence of a trapped global minimum,  

 how closely the dynamical J and B parameters are coupled by making a comparison of the 
extracted quadratic model eigenvalues,  

 that a line minimum exists principally in the B parameter direction and quantifies the extent of 
this B-line minimum by the eigenvalue ratio  

 establishes the degree of ill conditioning for the global minimum solution parameter vector 
estimate XS extracted from the minimized quadratic model. 

Furthermore this analysis also demonstrates that the current feedback response surface has better 
selectivity in the global stationary region than the shaft velocity equivalent with increasing data 
record lengths. This outcome helps in the decision analysis that favours the use of current feedback 
target data in cost function formulation for dynamical parameter identification. 

The observed topographical features in the above penalty response surfaces can be anticipated from 
the following approximation analysis. Initially the developed electromagnetic torque Ge is at a 
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model simulation in Fig.11 until the shaft speed starts to build up exponentially as in Fig. 12 with 
time constant tm. The back-emf term ejv  in [1] becomes substantial causing a decrease in winding 

current ijs which reduces the applied torque. Furthermore the increased rotor angular velocity wr
causes the machine impedance angle z  in [1] to approach 2  and forces the winding currents into 
quadrature with the current command signals dji with subsequent torque reduction as in [1]. The 

variation in applied motor torque with the worst case spread of dynamical time constant tm values, 
observed for the parameter tolerance ranges in Table 1 with zero shaft load conditions, is small over 
the motor acceleration period ( mt t%60sec08.0ˆ = ) shown in Fig.11. The average value of applied 

mechanical torque Gem is 1Nm and is assumed constant over the period t̂  for tractability reasons in 
the following analysis of the cost surfaces used in the PCD and FSD methods of parameter extraction. 
However this value deteriorates over longer time spans as the winding current moves out of phase 
alignment with current demand as motor speed increases and thus with the back EMF. The simulated 
shaft speed variation with time, based on the nominal parameter vector Xm in Table 1 and displayed in 
Fig.12 for a step i/p torque demand Gd (~1v) is given by 
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The sampled motor speed ‘test’ data )( k
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r tw  generated via (7B) can now be used as target reference 

‘test’ data in the simulated trial cost function O
rEw  for analytical purposes. The optimal parameter set 

Xo is supposedly unknown and the task here is to obtain a good estimate T
oo BJ ],[  of this vector in 

the following cost surface analysis for verification of the RS strategy. The variation in the time 
constant tm over the permitted parameter tolerance ranges employed in the response surface 
generation, such as those in Figs 1 and 2 relying on experimental test data, is insufficient to cause 
departure from nominal applied torque Gem for the short time span shown in Fig.11. The shaft speed 
variation in this instance is approximated by  
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Figure 14. BLMD Current Feedback

The resulting MSE cost function construct, illustrated in Fig.13 with details in Table 2, is for
simulation purposes given by

21( ) ( )
d

m m
r r rNEw w w= -åX (9)

with target data ωr
m. The parabolic cost variations associated with specific dynamic parame‐

ters for shaft velocity target data are illustrated in Figs.15 and 16. The corresponding wind‐
ing current feedback i fa(t) has the characteristics of a frequency modulated sinusoid during

the exponential buildup of motor shaft speed in that it exhibits the features of a constant am‐
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plitude swept frequency waveform as shown in Fig.14. The effect of shaft speed increase on
the phase angle ϕ of the FC response is determined from (8) as
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Figure 16. MSE-Vωr Cross section at Jm

The frequency modulated FC, which is current regulated by GI in [1], is given by

( )( ) cos cos ( )fa f f rI t I p I p Kt tj tw= = - (11)

with If ≈1 amp for a unit step torque demand i/p. The resultant FC cost surface generated
from simulation in Fig.17, with parameter grid sizes in Table 1, is based on the target shaft
velocity ωr

m(t) in (7)-(a) for nominal values of the dynamical parameters Xm with

21( ) ( )
d

m m
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model simulation in Fig.11 until the shaft speed starts to build up exponentially as in Fig. 12 with 
time constant tm. The back-emf term ejv  in [1] becomes substantial causing a decrease in winding 

current ijs which reduces the applied torque. Furthermore the increased rotor angular velocity wr
causes the machine impedance angle z  in [1] to approach 2  and forces the winding currents into 
quadrature with the current command signals dji with subsequent torque reduction as in [1]. The 

variation in applied motor torque with the worst case spread of dynamical time constant tm values, 
observed for the parameter tolerance ranges in Table 1 with zero shaft load conditions, is small over 
the motor acceleration period ( mt t%60sec08.0ˆ = ) shown in Fig.11. The average value of applied 

mechanical torque Gem is 1Nm and is assumed constant over the period t̂  for tractability reasons in 
the following analysis of the cost surfaces used in the PCD and FSD methods of parameter extraction. 
However this value deteriorates over longer time spans as the winding current moves out of phase 
alignment with current demand as motor speed increases and thus with the back EMF. The simulated 
shaft speed variation with time, based on the nominal parameter vector Xm in Table 1 and displayed in 
Fig.12 for a step i/p torque demand Gd (~1v) is given by 
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The sampled motor speed ‘test’ data )( k
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r tw  generated via (7B) can now be used as target reference 

‘test’ data in the simulated trial cost function O
rEw  for analytical purposes. The optimal parameter set 

Xo is supposedly unknown and the task here is to obtain a good estimate T
oo BJ ],[  of this vector in 

the following cost surface analysis for verification of the RS strategy. The variation in the time 
constant tm over the permitted parameter tolerance ranges employed in the response surface 
generation, such as those in Figs 1 and 2 relying on experimental test data, is insufficient to cause 
departure from nominal applied torque Gem for the short time span shown in Fig.11. The shaft speed 
variation in this instance is approximated by  

                           )1()( tw
t

eKtr
--=  with .; B

J
B
emK ==
G t                     (8) 

10
20

300

25
35

15

2x104

1x104

Simulated Shaft Velocity Cost Surface
MSE

Mean Squared Error
Response Surface

B

J =Jmin +kJm

B =Bmin +jBm

JkJm
jBm

Jm =3.0e-4 kg.m-2 60%
Bm =2.14e-3 Nm/rad/s 60%
Jmin = 40%Jm & Jm = 3%Jm

Bmin = 40%Bm & Bm = 3%Bm

0 0.02 0.04 0.06 0.08
-1

0

1

2 Ifa(t)

T ime (sec)
t

M otor Current Feedback Sim ulation
Motor Param eters
Jm =3.0x10-4 kg.m-2

Bm =2.14x10-3 Nm.rad-1

EM Torque Ge =1.026 Nm
Sample Data Size 4095

Simuln. T ime Step t =20S

Amps

         Fig.13: Simulated Velocity Cost Surface                     Fig.14: BLMD Current Feedback

Figure 13. Simulated Velocity Cost Surface
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Similarly the corresponding shaft speed variation with time at the assumed optimum parameters 
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Figure 14. BLMD Current Feedback

The resulting MSE cost function construct, illustrated in Fig.13 with details in Table 2, is for
simulation purposes given by
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with target data ωr
m. The parabolic cost variations associated with specific dynamic parame‐

ters for shaft velocity target data are illustrated in Figs.15 and 16. The corresponding wind‐
ing current feedback i fa(t) has the characteristics of a frequency modulated sinusoid during

the exponential buildup of motor shaft speed in that it exhibits the features of a constant am‐
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plitude swept frequency waveform as shown in Fig.14. The effect of shaft speed increase on
the phase angle ϕ of the FC response is determined from (8) as
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Figure 15. MSE-Vωr Cross section at Bm

The resulting MSE cost function construct, illustrated in Fig.13 with details in Table 2, is for 
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Figure 16. MSE-Vωr Cross section at Jm

The frequency modulated FC, which is current regulated by GI in [1], is given by

( )( ) cos cos ( )fa f f rI t I p I p Kt tj tw= = - (11)

with If ≈1 amp for a unit step torque demand i/p. The resultant FC cost surface generated
from simulation in Fig.17, with parameter grid sizes in Table 1, is based on the target shaft
velocity ωr

m(t) in (7)-(a) for nominal values of the dynamical parameters Xm with
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with If 1 amp for a unit step torque demand i/p. The resultant FC cost surface generated from 
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The sinc-profile cost variations associated with specific dynamic parameters for motor current 
feedback target data at nominal values of the BLMD parameters [Jm,Bm]T are illustrated in Figs.18 
and 19. The MSE penalty cost function can described in a more general form about Xm as  
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The nature of the global stationary region embedded in either cost surface, described by (9) or (12), 
can be explored in canonical form [25] by fitting a quadratic model using a Taylor series. This two 
dimensional truncated series expansion, with quadratic terms measuring the surface curvature, is 
anchored at the nominal value Xm to establish the principal axes/directions in parameter space for 
global minimum search. It is assumed that the expansion pivot Xm is in proximity to the supposed 
global optimum XO in the case of the FC objective function as this consists of parallel ridges 
interlaced with folds enveloping local minima regions which obscure the global extremum position. 
The response surface model f can be expressed, in either case with (14), in terms of the variables     
J  x1 & B  x2 and low order interactive terms ij  about Xm as  
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with random modelling error . The surface model can alternatively be approximated in compact 
matrix form as  

0 8 16 24 32 40

0.3

0.6

0.9

1.2

0

EJ,B*

Simulated Ifa Cost Surface Cross Section
MSE Variation with J about B* = Bmin+21Bm

Motor Parameters
Jm =2.8e-4 kg.m-2 40%

Bm =2.14e-3 Nm/rad/s 80%
Jopt =3.0e-4 kg.m-2MSE

kJm

J* =Jm +3Jm

Global Minimum
X*

opt

Jmin+kJm

0 8 16 24 32 40

0.25

0.5

0.75

1.0

0

EJ*,B

Simulated Ifa Cost Surface Cross Section
MSE Variation with B about J* = Jmin+24Jm

Motor Parameters
Jm =2.8e-4 kg.m-2 40%

Bm =2.14e-3 Nm/rad/s 80%
Jopt =3.0e-4 kg.m-2

MSE

jBm

B* =Bm -Bm

Global Minimum
X*

opt

Bmin+jBm

      Fig.18:MSE-Ifa Cross section at B*                               Fig.19:MSE-Ifa Cross section at J*

Figure 18. MSE-Ifa Cross section at B*
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Figure 19. MSE-Ifa Cross section at J*

The resulting MSE cost function construct, illustrated in Fig.13 with details in Table 2, is for 
simulation purposes given by  
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with target data m
r . The parabolic cost variations associated with specific dynamic parameters for 

shaft velocity target data are illustrated in Figs.15 and 16. The corresponding winding current 
feedback )(ti fa  has the characteristics of a frequency modulated sinusoid during the exponential 
buildup of motor shaft speed in that it exhibits the features of a constant amplitude swept frequency 
waveform as shown in Fig.14. The effect of shaft speed increase on the phase angle  of the FC 
response is determined from (8) as  

  )()1()(
0

tKtetKdxx r
tt

r                                   (10) 

           

8 14 20 26 32
0

2x104

EBm,J

Jmin +kJ

Inertial parameter Variation kJ

Jm

Global Minimum Xopt

Simulated Cost Surface Cross Section
MSE variation with J about Bm

Motor Parameters
Jm =3.0x10-4 kg.m-260%

Bm =2.14x10-3 Nm.rad-1 60%

MSE
1.5x104

1x104

0.5x104

8 14 20 26 32

500

1000

1500

2000

0

EJm,B

Bmin +jB

Friction Parameter Variation jB

Simulated Cost Surface Cross Section
MSE variation with B about Jm

Bm

Global Minimum Xopt

Motor Parameters
Jm =3.0x10-4 kg.m-260%

Bm =2.14x10-3 Nm.rad-1 60%

MSE

       Fig.15:MSE-Vr Cross section at Bm                Fig.16:MSE-Vr Cross section at Jm

3
13 23

33

5

15

25

35

0.5

1

B

J

kJm

jBm

MSE

Simulated Current Feedback Cost Surface
J =Jmin +kJm; Jm =2%Jm

B =Bmin +jBm; Bm =4%Bm

Jm =2.8e-4 kg.m-2 40%
Bm =2.14e-3 Nm/rad/s 80%

Jmin = 60%Jm
Bmin = 20%Bm

               Fig.17: Simulated FC Cost Surface

Figure 17. Simulated FC Cost Surface

New Generation of Electric Vehicles340

The sinc-profile cost variations associated with specific dynamic parameters for motor cur‐
rent feedback target data at nominal values of the BLMD parameters [Jm,Bm]T are illustrated
in Figs.18 and 19. The MSE penalty cost function can described in a more general form about
Xm as

( )2
1( ) ( ) ( )

d

m m
f k kN kE f t f t= -åX (13)

with either target data training record deployed using the representation

( ) { }, ( ), ( )k r k fa kf t t I twÎX (14)

The nature of the global stationary region embedded in either cost surface, described by (9)
or (12), can be explored in canonical form [25] by fitting a quadratic model using a Taylor
series. This two dimensional truncated series expansion, with quadratic terms measuring
the surface curvature, is anchored at the nominal value Xm to establish the principal axes/
directions in parameter space for global minimum search. It is assumed that the expansion
pivot Xm is in proximity to the supposed global optimum XO in the case of the FC objective
function as this consists of parallel ridges interlaced with folds enveloping local minima re‐
gions which obscure the global extremum position. The response surface model ℜ f can be
expressed, in either case with (14), in terms of the variables J ≡ x1 & B ≡ x2 and low order
interactive terms βij about Xm as
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with random modelling error ε. The surface model can alternatively be approximated in
compact matrix form as

1
0 2

ˆˆ ( ) ( ) ( )f
m m mbÂ = + - + - -T TB X X X X G X X (16)

with constant coefficient matrices determined from the cost at Xm, based on target data

( ) { }0 0 0
0( ) , ( ), ( )k k r k fa kf t f t t I tw= ÎX (17)

by the gradient vector B given by
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feedback target data at nominal values of the BLMD parameters [Jm,Bm]T are illustrated in Figs.18 
and 19. The MSE penalty cost function can described in a more general form about Xm as  

 21 )()()(   k k
m

kN
m
f tftfE

d
X                 (13) 

with either target data training record deployed using the representation 
       )(),(, kfakrk tIttf X                  (14) 
The nature of the global stationary region embedded in either cost surface, described by (9) or (12), 
can be explored in canonical form [25] by fitting a quadratic model using a Taylor series. This two 
dimensional truncated series expansion, with quadratic terms measuring the surface curvature, is 
anchored at the nominal value Xm to establish the principal axes/directions in parameter space for 
global minimum search. It is assumed that the expansion pivot Xm is in proximity to the supposed 
global optimum XO in the case of the FC objective function as this consists of parallel ridges 
interlaced with folds enveloping local minima regions which obscure the global extremum position. 
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with random modelling error . The surface model can alternatively be approximated in compact 
matrix form as  
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Figure 18. MSE-Ifa Cross section at B*

The frequency modulated FC, which is current regulated by GI in [1], is given by 
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with If 1 amp for a unit step torque demand i/p. The resultant FC cost surface generated from 

simulation in Fig.17, with parameter grid sizes in Table 1, is based on the target shaft velocity )(tm
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in (7A) for nominal values of the dynamical parameters Xm with 
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The sinc-profile cost variations associated with specific dynamic parameters for motor current 
feedback target data at nominal values of the BLMD parameters [Jm,Bm]T are illustrated in Figs.18 
and 19. The MSE penalty cost function can described in a more general form about Xm as  
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with either target data training record deployed using the representation 
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The nature of the global stationary region embedded in either cost surface, described by (9) or (12), 
can be explored in canonical form [25] by fitting a quadratic model using a Taylor series. This two 
dimensional truncated series expansion, with quadratic terms measuring the surface curvature, is 
anchored at the nominal value Xm to establish the principal axes/directions in parameter space for 
global minimum search. It is assumed that the expansion pivot Xm is in proximity to the supposed 
global optimum XO in the case of the FC objective function as this consists of parallel ridges 
interlaced with folds enveloping local minima regions which obscure the global extremum position. 
The response surface model f can be expressed, in either case with (14), in terms of the variables     
J  x1 & B  x2 and low order interactive terms ij  about Xm as  
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with random modelling error . The surface model can alternatively be approximated in compact 
matrix form as  
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Figure 19. MSE-Ifa Cross section at J*

The resulting MSE cost function construct, illustrated in Fig.13 with details in Table 2, is for 
simulation purposes given by  

21 )()(   m
rrN

m
r

d
E  X                                   (9) 
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shaft velocity target data are illustrated in Figs.15 and 16. The corresponding winding current 
feedback )(ti fa  has the characteristics of a frequency modulated sinusoid during the exponential 
buildup of motor shaft speed in that it exhibits the features of a constant amplitude swept frequency 
waveform as shown in Fig.14. The effect of shaft speed increase on the phase angle  of the FC 
response is determined from (8) as  
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The sinc-profile cost variations associated with specific dynamic parameters for motor cur‐
rent feedback target data at nominal values of the BLMD parameters [Jm,Bm]T are illustrated
in Figs.18 and 19. The MSE penalty cost function can described in a more general form about
Xm as
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with either target data training record deployed using the representation

( ) { }, ( ), ( )k r k fa kf t t I twÎX (14)

The nature of the global stationary region embedded in either cost surface, described by (9)
or (12), can be explored in canonical form [25] by fitting a quadratic model using a Taylor
series. This two dimensional truncated series expansion, with quadratic terms measuring
the surface curvature, is anchored at the nominal value Xm to establish the principal axes/
directions in parameter space for global minimum search. It is assumed that the expansion
pivot Xm is in proximity to the supposed global optimum XO in the case of the FC objective
function as this consists of parallel ridges interlaced with folds enveloping local minima re‐
gions which obscure the global extremum position. The response surface model ℜ f can be
expressed, in either case with (14), in terms of the variables J ≡ x1 & B ≡ x2 and low order
interactive terms βij about Xm as
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with random modelling error ε. The surface model can alternatively be approximated in
compact matrix form as

1
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m m mbÂ = + - + - -T TB X X X X G X X (16)

with constant coefficient matrices determined from the cost at Xm, based on target data
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0( ) , ( ), ( )k k r k fa kf t f t t I tw= ÎX (17)

by the gradient vector B given by
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which determines the curvature in the vicinity of a local minimum via
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The set of constant coefficient differential equations pertaining to (15) are obtained via (13),
using either target data record (7)-(b) or (11) with I fa(t)|
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The required first and second order partial differential equations, based on the shaft velocity
ωr , to substantiate expressions (22) to (26) are given by
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Target Data Record Length Nd with Time

Step 20μs

2000 Points - ωr
0(tk ) 2000 Points - I fa

0 (tk )

t̂=0.04sec ~31%τm t̂=0.04sec ~31%τm

Target Data Parameters

X0 =[J0,B0]T “To be identified”

Shaft Velocity Reference Data

[3.0x10-4, 2.14x10-3]T

Current Feedback Reference Data

[3.0x10-4, 2.14x10-3]T

Quadratic Model Fulcrum

Xm =[Jm,Bm]T

Model Surface R̂ωr :

[2.8x10-4, 2.14x10-3]T

Model Surface R̂ Ifa :

[2.8x10-4, 2.14x10-3]T

Model Cost R̂m
f  at Xm 19.553 0.098

Constant β0 via (21) 19.553 0.098

Gradient Vector B [β1, β2]T

via (22/3)
[-2.079x106, -3.279x104]T [-9.827x103, -113.345]T

Hessian Matrix Ĝ 
β11 β12

β12 β22

via (24/5/6)

1.238x1011 1.958x109

1.958x109 8.873x107

4.592x108 5.114x106

5.114x106 1.08x105

Stationary Point

Xs =[Js,Bs]T via (38)
[2.968x10-4, 2.138x10-3]T [3.005x10-4, 2.216x10-3]T

Slope at Xs via (37) [9.313x10-10, 1.455x10-11]T [0, 1.421x10-14]T

Model Cost R̂s
f  at Xs 2.086 -7.654x10-3

Quadratic Form Q(Xs -Xm) via (39) 34.934 0.211

Normal Form of Ĝ

Λ=
λ1 0

0 λ2

Eigenvalues

1.238x1011 0

0 5.774x107

Eigenvalues

4.593x108 0

0 5.109x104

Transformation/Modal Matrix T

with T −1ĜT =Λ

Normalized Eigenvectors

999.875 − 15.825
15.825 999.875

⋅ 10−3

Normalized Eigenvectors

999.938 − 11.137
11.137 999.938

⋅ 10−3

Co-ordinate Rotation θ -1.813º -1.276º

Table 2. Summary of Cost Surface Quadratic Modelling Details at Xm
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and the symmetric Hessian matrix Ĝ
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which determines the curvature in the vicinity of a local minimum via
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The set of constant coefficient differential equations pertaining to (15) are obtained via (13),
using either target data record (7)-(b) or (11) with I fa(t)|
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The required first and second order partial differential equations, based on the shaft velocity
ωr , to substantiate expressions (22) to (26) are given by
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Target Data Record Length Nd with Time

Step 20μs

2000 Points - ωr
0(tk ) 2000 Points - I fa

0 (tk )

t̂=0.04sec ~31%τm t̂=0.04sec ~31%τm

Target Data Parameters

X0 =[J0,B0]T “To be identified”

Shaft Velocity Reference Data

[3.0x10-4, 2.14x10-3]T

Current Feedback Reference Data

[3.0x10-4, 2.14x10-3]T

Quadratic Model Fulcrum

Xm =[Jm,Bm]T

Model Surface R̂ωr :

[2.8x10-4, 2.14x10-3]T

Model Surface R̂ Ifa :

[2.8x10-4, 2.14x10-3]T

Model Cost R̂m
f  at Xm 19.553 0.098

Constant β0 via (21) 19.553 0.098

Gradient Vector B [β1, β2]T

via (22/3)
[-2.079x106, -3.279x104]T [-9.827x103, -113.345]T

Hessian Matrix Ĝ 
β11 β12

β12 β22

via (24/5/6)

1.238x1011 1.958x109

1.958x109 8.873x107

4.592x108 5.114x106

5.114x106 1.08x105

Stationary Point

Xs =[Js,Bs]T via (38)
[2.968x10-4, 2.138x10-3]T [3.005x10-4, 2.216x10-3]T

Slope at Xs via (37) [9.313x10-10, 1.455x10-11]T [0, 1.421x10-14]T

Model Cost R̂s
f  at Xs 2.086 -7.654x10-3

Quadratic Form Q(Xs -Xm) via (39) 34.934 0.211

Normal Form of Ĝ

Λ=
λ1 0

0 λ2

Eigenvalues

1.238x1011 0

0 5.774x107

Eigenvalues

4.593x108 0

0 5.109x104

Transformation/Modal Matrix T

with T −1ĜT =Λ

Normalized Eigenvectors

999.875 − 15.825
15.825 999.875

⋅ 10−3

Normalized Eigenvectors

999.938 − 11.137
11.137 999.938

⋅ 10−3

Co-ordinate Rotation θ -1.813º -1.276º

Table 2. Summary of Cost Surface Quadratic Modelling Details at Xm
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Target Data Record Length Nd

with Time Step 20μs
4095 Points t̂=0.082sec ~62.6%τm 4095 Points t̂=0.082sec ~56.5%τm

Target Data Parameters

X̄ opt = J̄ opt , B̄opt
T

“To be identified”

Shaft Velocity Reference Data

for zero shaft Inertial load (NSL)

Fig. 32; Ref [1] below

Current Feedback Reference Data for zero

shaft Inertial load (NSL)

Fig. 29; Ref [1] below

Quadratic Model Fulcrum

Xm =[Jm,Bm]T

Model Surface R̂ωr :

[2.8x10-4, 2.14x10-3]T

Model Surface R̂ Ifa :

[3.1x10-4, 2.14x10-3]T

Model Cost R̂m
f  at Xm 66.543 0.081

Constant β0 via (21) 66.543 0.081

Gradient Vector B [β1, β2]T

via (22/3)
[-6.842x106, -2.422x105]T [1.865x104, 449]T

Hessian Matrix Ĝ
4.02x1011 1.376x1010

1.376x1010 8.801x108

1.809x109 4.061x107

4.061x107 2.843x106

Stationary Point

Xs=[Js,Bs]T via (38)
[2.964x10-4, 2.159x10-3]T [3.00x10-4, 2.124x10-3]T

Slope at Xs via (37) [4.657x10-9,1.746x10-10]T [4.002x10-11, 5.116x10-13]T

Model Cost R̂s
f  at Xs 8.232 -0.015

Quadratic Form

Q(Xs -Xm) via (39)
116.624 0.193

Normal Form of Ĝ

Λ=
λ1 0

0 λ2

Eigenvalues

4.025x1011 0

0 4.086x108

Eigenvalues

1.81x109 0

0 1.931x106

Spectral Condition No. η 0.985x103 0.937x103

Contour sign check (51/2) -1.645x1020 -3.495x1015

Contour Eccentricity e 999.999 x10-3 999.999 x10-3

Modal Matrix T
999.413 − 34.246
34.246 999.413

⋅ 10−3 999.748 − 22.461
22.461 999.748

⋅ 10−3

Co-ordinate Rotation θ -1.9624º -1.2874º

Table 3. Details of Cost Surface Quadratic Model Fit at Xm based on actual BLMD Experimental Test Data shown in [1]
for Zero Shaft Inertial Load Conditions

The corresponding set of partial derivatives with FC Ifa are obtained via (11) as

( ) ( )sinfa r r
I

rJ B Jp Kt p
¶ w ¶w
¶ ¶tw t= - × + (32)

( ) ( )( )sin 2 2faI t
r r rB B Bp Kt p K

¶ t
¶ tw w w= - × - -é ùë û (33)
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(36)

The variation of the directed contour gradient over the fitted cost surface model, given by

ˆˆ ( )f
mÑÂ = + -B G X X (37)

is used to locate the global optimum X0 in the parameter hyperspace region of interest. The
condition necessary [22] for the presence of a stationary point Xs is the existence of a vanish‐
ing gradient in the neighborhood of Xm located within the parameter tolerance band ΔX
with

1ˆ
s m

-= -X X G B (38)

from (37) and the nature of which is determined by the local curvature from the sign of the
quadratic form [28]

ˆ( ) ( ) ( )m m mQ - = - -TX X X X G X X (39)

The parametric details, which include estimates of the gradient vectors and Hessian matri‐
ces at Xm for the indicated data record lengths, of the fitted models to the cost surfaces illus‐
trated in Figs.13 and 17 are summarized in Table 2. Similar parametric quantities, employing
BLMD experimental test data, are given in Table 3 for cost surface models shown in Figs.1
and 2.

2.2.1. Novel analysis of global minimum estimation and response surface selectivity [18]

An estimate of the cost surface global minimum X̂ opt  is provided in each case by inference
from the vanishing gradient in (37) with location of the fitted model stationary point Xs in
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Target Data Record Length Nd

with Time Step 20μs
4095 Points t̂=0.082sec ~62.6%τm 4095 Points t̂=0.082sec ~56.5%τm

Target Data Parameters

X̄ opt = J̄ opt , B̄opt
T

“To be identified”

Shaft Velocity Reference Data

for zero shaft Inertial load (NSL)

Fig. 32; Ref [1] below

Current Feedback Reference Data for zero

shaft Inertial load (NSL)

Fig. 29; Ref [1] below

Quadratic Model Fulcrum

Xm =[Jm,Bm]T

Model Surface R̂ωr :

[2.8x10-4, 2.14x10-3]T

Model Surface R̂ Ifa :

[3.1x10-4, 2.14x10-3]T

Model Cost R̂m
f  at Xm 66.543 0.081

Constant β0 via (21) 66.543 0.081

Gradient Vector B [β1, β2]T

via (22/3)
[-6.842x106, -2.422x105]T [1.865x104, 449]T

Hessian Matrix Ĝ
4.02x1011 1.376x1010

1.376x1010 8.801x108

1.809x109 4.061x107

4.061x107 2.843x106

Stationary Point

Xs=[Js,Bs]T via (38)
[2.964x10-4, 2.159x10-3]T [3.00x10-4, 2.124x10-3]T

Slope at Xs via (37) [4.657x10-9,1.746x10-10]T [4.002x10-11, 5.116x10-13]T

Model Cost R̂s
f  at Xs 8.232 -0.015

Quadratic Form

Q(Xs -Xm) via (39)
116.624 0.193

Normal Form of Ĝ

Λ=
λ1 0

0 λ2

Eigenvalues

4.025x1011 0

0 4.086x108

Eigenvalues

1.81x109 0

0 1.931x106

Spectral Condition No. η 0.985x103 0.937x103

Contour sign check (51/2) -1.645x1020 -3.495x1015

Contour Eccentricity e 999.999 x10-3 999.999 x10-3

Modal Matrix T
999.413 − 34.246
34.246 999.413

⋅ 10−3 999.748 − 22.461
22.461 999.748

⋅ 10−3

Co-ordinate Rotation θ -1.9624º -1.2874º

Table 3. Details of Cost Surface Quadratic Model Fit at Xm based on actual BLMD Experimental Test Data shown in [1]
for Zero Shaft Inertial Load Conditions

The corresponding set of partial derivatives with FC Ifa are obtained via (11) as

( ) ( )sinfa r r
I

rJ B Jp Kt p
¶ w ¶w
¶ ¶tw t= - × + (32)

( ) ( )( )sin 2 2faI t
r r rB B Bp Kt p K

¶ t
¶ tw w w= - × - -é ùë û (33)
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The variation of the directed contour gradient over the fitted cost surface model, given by

ˆˆ ( )f
mÑÂ = + -B G X X (37)

is used to locate the global optimum X0 in the parameter hyperspace region of interest. The
condition necessary [22] for the presence of a stationary point Xs is the existence of a vanish‐
ing gradient in the neighborhood of Xm located within the parameter tolerance band ΔX
with

1ˆ
s m

-= -X X G B (38)

from (37) and the nature of which is determined by the local curvature from the sign of the
quadratic form [28]

ˆ( ) ( ) ( )m m mQ - = - -TX X X X G X X (39)

The parametric details, which include estimates of the gradient vectors and Hessian matri‐
ces at Xm for the indicated data record lengths, of the fitted models to the cost surfaces illus‐
trated in Figs.13 and 17 are summarized in Table 2. Similar parametric quantities, employing
BLMD experimental test data, are given in Table 3 for cost surface models shown in Figs.1
and 2.

2.2.1. Novel analysis of global minimum estimation and response surface selectivity [18]

An estimate of the cost surface global minimum X̂ opt  is provided in each case by inference
from the vanishing gradient in (37) with location of the fitted model stationary point Xs in
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(38). A sufficient condition for the existence of a global minimizer at Xs is that Q(Xs - Xm)
must be positive-definite [28] in which Q(Xs - Xm) > 0 for Xs ≠ Xm. This is verified by the sign
of the eigenvalues λi of Ĝ in Table 2 which are determined from the characteristic equation

ˆ 0lé ù =ë ûG Idet - (40)

The accuracy of global estimates returned in each case for the inertial parameter J in Table 2
admit to the quality and goodness of fit of the models employed for cost surface approxima‐
tion in the vicinity of the global extremum. The contributory effect of parameter interaction
in model approximation in both cases is not insignificant with coefficients βij comparable in
magnitude to the geometric mean of the eigenvalues of Hessian Ĝ in Table 4 defined by

1 2
ˆ n

nl l l l= × K (41)

Uniqueness of Global Minimum Estimate

Cond ∞Ĝ(Xm)
Shaft Velocity Reference Data

2.2126x103

Current Feedback Reference Data

9.1878x103

Spectral Condition No. η 2.144x103 8.99x103

Geometric Mean λ̂ 2.674x109 4.844x106

Cost Surface Selectivity and Fitted Model Re-evaluation at Global Minimum Estimate Xs

Fitted Model Fulcrum X s [2.968x10-4, 2.138x10-3]T [3.005x10-4, 2.216x10-3]T

Model Constant β0 at X s 0.376 4.275x10-4

Gradient Vector at X s [3.562x104, 579.78]T [11.535, 0.081]T

Re-evaluation of Ĝat X s
9.142x1010 1.437x109

1.437x109 3.145x107

4.295x108 4.99x106

4.99x106 6.08x104

Global Estimate Update Xs1 [2.996x10-4, 2.138x10-3]T [2.998x10-4, 2.159x10-3]T

Slope at Xs1 via (37) [1.717x10-9, 2.547x10-11]T [8.413x10-12, 9.948x10-14]T

Eigenvalues of Ĝat X s
9.144x1010 0

0 8.846x106

4.295x108 0

0 2.819x103

Modal Matrix T
999.876 − 15.723
15.723 999.876

⋅ 10−3 999.933 − 11.618
11.618 999.933

⋅ 10−3

Residual Cost R̂s
f  at Xs1 6.439x10-3 -3.996x10-6

Quadratic Form Q(Xs1 -Xs) 0.738 8.629x10-4

Table 4. Results Derived From Cost Surface Quadratic Fit in Table 2
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The relative magnitudes of the Hessian curvature components provide information about
the uniqueness of the solution Xs in (38), via the matrix condition number in Table 3, based
on the infinity norm defined as

( )1
11

ˆ ˆ ˆ ˆ( )  where max n
ijji n

cond b-
¥ =¥ ¥¥ £ £

= = åG G G G (42)

The matrix condition number is much greater than unity in both cases, with the highest val‐
ue associated with the FC response surface, which indicates a sizeable measure of ill condi‐
tioning in the extraction of the global estimate in (38). The curvature component β11

associated with the J-parameter is much greater than that associated with damping B by
about three orders of magnitude which indicates greater selectivity of the solution Js along
the J axis. This suggests the presence of many potential solutions to (38) along the B-parame‐
ter co-ordinate direction due to poorer selectivity or smaller curvature component β22. A
more complete interpretation of the nature of the cost surface syncline containing the sta‐
tionary point region is obtained from the spectral condition number η of Ĝ [22] as

h l l= max min (43)

The relative magnitude η of the eigenvalues indicate that a ‘line minimum’ of potential solu‐
tions, which explains the degree of ill conditioning in the global solution estimate, is feasible
due to the ‘long’ elliptical shape of the contour map associated with the stationary point
zone of convergence in both cases as shown in Figs 9 and 10. The elliptical character of the
response surface model in the vicinity of the global minimum estimate can be visualized by
a coordinate translation of the parameter axes to Xs as pivot with

SX X= -V (44)

resulting in the modified representation from (16) as

( )

1
0 2

1
2

1
0 2

ˆ ˆ( ) ( ) ( )
ˆ ˆ      = a

ˆ ˆ( ) (where ) ( ) (b)

f
s m s m s m

f T
s

f
s s m s m s m

b

b

= + + - + + - + -

+

= + - + - -

T T

T T

B V X X V X X G V X X

V GV

B X X X X G X X

R

R

R

(45)

The normalized eigenvectors Ti, associated with the distinct eigenvalues of the symmetric
Hessian Ĝ as

1 ˆ- = LT GT (46)
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(38). A sufficient condition for the existence of a global minimizer at Xs is that Q(Xs - Xm)
must be positive-definite [28] in which Q(Xs - Xm) > 0 for Xs ≠ Xm. This is verified by the sign
of the eigenvalues λi of Ĝ in Table 2 which are determined from the characteristic equation

ˆ 0lé ù =ë ûG Idet - (40)

The accuracy of global estimates returned in each case for the inertial parameter J in Table 2
admit to the quality and goodness of fit of the models employed for cost surface approxima‐
tion in the vicinity of the global extremum. The contributory effect of parameter interaction
in model approximation in both cases is not insignificant with coefficients βij comparable in
magnitude to the geometric mean of the eigenvalues of Hessian Ĝ in Table 4 defined by

1 2
ˆ n

nl l l l= × K (41)

Uniqueness of Global Minimum Estimate

Cond ∞Ĝ(Xm)
Shaft Velocity Reference Data

2.2126x103

Current Feedback Reference Data

9.1878x103

Spectral Condition No. η 2.144x103 8.99x103

Geometric Mean λ̂ 2.674x109 4.844x106

Cost Surface Selectivity and Fitted Model Re-evaluation at Global Minimum Estimate Xs

Fitted Model Fulcrum X s [2.968x10-4, 2.138x10-3]T [3.005x10-4, 2.216x10-3]T

Model Constant β0 at X s 0.376 4.275x10-4

Gradient Vector at X s [3.562x104, 579.78]T [11.535, 0.081]T

Re-evaluation of Ĝat X s
9.142x1010 1.437x109

1.437x109 3.145x107

4.295x108 4.99x106

4.99x106 6.08x104

Global Estimate Update Xs1 [2.996x10-4, 2.138x10-3]T [2.998x10-4, 2.159x10-3]T

Slope at Xs1 via (37) [1.717x10-9, 2.547x10-11]T [8.413x10-12, 9.948x10-14]T

Eigenvalues of Ĝat X s
9.144x1010 0

0 8.846x106

4.295x108 0

0 2.819x103

Modal Matrix T
999.876 − 15.723
15.723 999.876

⋅ 10−3 999.933 − 11.618
11.618 999.933

⋅ 10−3

Residual Cost R̂s
f  at Xs1 6.439x10-3 -3.996x10-6

Quadratic Form Q(Xs1 -Xs) 0.738 8.629x10-4

Table 4. Results Derived From Cost Surface Quadratic Fit in Table 2
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The relative magnitudes of the Hessian curvature components provide information about
the uniqueness of the solution Xs in (38), via the matrix condition number in Table 3, based
on the infinity norm defined as

( )1
11

ˆ ˆ ˆ ˆ( )  where max n
ijji n

cond b-
¥ =¥ ¥¥ £ £

= = åG G G G (42)

The matrix condition number is much greater than unity in both cases, with the highest val‐
ue associated with the FC response surface, which indicates a sizeable measure of ill condi‐
tioning in the extraction of the global estimate in (38). The curvature component β11

associated with the J-parameter is much greater than that associated with damping B by
about three orders of magnitude which indicates greater selectivity of the solution Js along
the J axis. This suggests the presence of many potential solutions to (38) along the B-parame‐
ter co-ordinate direction due to poorer selectivity or smaller curvature component β22. A
more complete interpretation of the nature of the cost surface syncline containing the sta‐
tionary point region is obtained from the spectral condition number η of Ĝ [22] as

h l l= max min (43)

The relative magnitude η of the eigenvalues indicate that a ‘line minimum’ of potential solu‐
tions, which explains the degree of ill conditioning in the global solution estimate, is feasible
due to the ‘long’ elliptical shape of the contour map associated with the stationary point
zone of convergence in both cases as shown in Figs 9 and 10. The elliptical character of the
response surface model in the vicinity of the global minimum estimate can be visualized by
a coordinate translation of the parameter axes to Xs as pivot with

SX X= -V (44)

resulting in the modified representation from (16) as
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The normalized eigenvectors Ti, associated with the distinct eigenvalues of the symmetric
Hessian Ĝ as

1 ˆ- = LT GT (46)
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in Table 2, can be used as an orthonormal basis to transform the parameter axes along the
principal directions of the elliptical shaped contour system.

where   )(ˆ)()(ˆ
2
1

0 msmsms
f
s XXGXXXXB TT  R             (45B) 

The normalized eigenvectors Ti, associated with the distinct eigenvalues of the symmetric Hessian Ĝ

as               TGT ˆ1                  (46) 
in Table 2, can be used as an orthonormal basis to transform the parameter axes along the principal 
directions of the elliptical shaped contour system. 

This rotation of co-ordinates, with origin anchored to Xs, is displayed in Figs 19 and 10 for both 
simulated cost surfaces to eliminate the interactive terms 12 in Ĝ . The X co-ordinate angular 
displacement  in Figure 19B can be evaluated from the conical expression [29] as 

122
11222cot                    (47)  

using (15) with values listed in Tables 2 and 3 which are very small. The rotation can also be deduced 
from the directional cosines of the unit column vectors  21 ˆˆ zz aa  constituting the modal matrix T

via        






 





cossin
sincosˆˆˆˆ 2121 xxzz aaaaT .               (48) 

The normal form of the response surface model can be expressed with substitution of the canonical 
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with model cost f
sR̂  at the global estimate given in Table 4. The nature of the fitted quadratic model 

can be deduced from the shape of the embedded contours, in the vicinity of the global minimum 
estimate Xs, by inference from the sign of the scalar discriminant invariant which pertains to elliptical 
conic sections [29] as 
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Figure 20. A: Simulated MSE-Ifa Contour Map B: Ifa Contour Map with Canonical Variables

This rotation of co-ordinates, with origin anchored to Xs, is displayed in Figs 20 and 10 for
both simulated cost surfaces to eliminate the interactive terms β12 in Ĝ. The X co-ordinate
angular displacement θ in Figure 20B can be evaluated from the conical expression [29] as
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using (15) with values listed in Tables 2 and 3 which are very small. The rotation can also be
deduced from the directional cosines of the unit column vectors âz1 âz2  constituting the
modal matrix T via
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with model cost R̂s
f  at the global estimate given in Table 4. The nature of the fitted quadratic

model can be deduced from the shape of the embedded contours, in the vicinity of the glob‐
al minimum estimate Xs, by inference from the sign of the scalar discriminant invariant
which pertains to elliptical conic sections [29] as

2
12 11 22 0b b b- < (51)

in the x1x2 frame or

2 21 1wi  0- th0l l l =< (52)

in z1z2 normal co-ordinates. These contours are elliptical for both choices of observed BLMD
target data with a negative discriminant in Table 3 based on the model cost at nominal pa‐
rameter value Xm. Consequently the stationary region enveloping the global minimum is en‐
circled and thus bounded by elliptical contours rather than contained within an open wedge
shaped response surfaces with no define convergence zone. The degree of elliptical eccen‐
tricity e of the trapped stationary zone quantifies the extent of the ‘line minimum’ of global
minimum convergence, congruent with the major axis, as notionally illustrated in Fig. 21.
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data with a negative discriminant in Table 3 based on the model cost at nominal parameter value Xm.
Consequently the stationary region enveloping the global minimum is encircled and thus bounded by 
elliptical contours rather than contained within an open wedge shaped response surfaces with no 
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quantifies the extent of the ‘line minimum’ of global minimum convergence, congruent with the 
major axis, as notionally illustrated in Figure 20.  

This can be determined from consideration of Fig. 20 by recasting the expression for the normal form 
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The eccentricity e, which measures the degree of ‘flatness’ of the oblate model contour f
mR̂  specified 

at Xm and thus the ‘linear extension’ of the global minimum X0, is given in terms of the lateral 
displacement c of the elliptical foci from the global estimate Xs relative to the length 2b of the major 
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The eccentricity of the contours for the model target data in Table 3 is almost unity, as a consequence 
of the large spectral condition number  in each case, indicating a very flat distended ellipse. The 
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This can be determined from consideration of Fig. 21 by recasting the expression for the nor‐
mal form of the cost surface model in (50) into that for an elliptical contour, evaluated at the
nominal parameter value Xm with origin at Xs, as

2 2
1 2
2 2 1z z

a b
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in Table 2, can be used as an orthonormal basis to transform the parameter axes along the
principal directions of the elliptical shaped contour system.
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The normalized eigenvectors Ti, associated with the distinct eigenvalues of the symmetric Hessian Ĝ
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in Table 2, can be used as an orthonormal basis to transform the parameter axes along the principal 
directions of the elliptical shaped contour system. 
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can be deduced from the shape of the embedded contours, in the vicinity of the global minimum 
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Figure 20. A: Simulated MSE-Ifa Contour Map B: Ifa Contour Map with Canonical Variables

This rotation of co-ordinates, with origin anchored to Xs, is displayed in Figs 20 and 10 for
both simulated cost surfaces to eliminate the interactive terms β12 in Ĝ. The X co-ordinate
angular displacement θ in Figure 20B can be evaluated from the conical expression [29] as
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using (15) with values listed in Tables 2 and 3 which are very small. The rotation can also be
deduced from the directional cosines of the unit column vectors âz1 âz2  constituting the
modal matrix T via
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with model cost R̂s
f  at the global estimate given in Table 4. The nature of the fitted quadratic

model can be deduced from the shape of the embedded contours, in the vicinity of the glob‐
al minimum estimate Xs, by inference from the sign of the scalar discriminant invariant
which pertains to elliptical conic sections [29] as

2
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in the x1x2 frame or

2 21 1wi  0- th0l l l =< (52)

in z1z2 normal co-ordinates. These contours are elliptical for both choices of observed BLMD
target data with a negative discriminant in Table 3 based on the model cost at nominal pa‐
rameter value Xm. Consequently the stationary region enveloping the global minimum is en‐
circled and thus bounded by elliptical contours rather than contained within an open wedge
shaped response surfaces with no define convergence zone. The degree of elliptical eccen‐
tricity e of the trapped stationary zone quantifies the extent of the ‘line minimum’ of global
minimum convergence, congruent with the major axis, as notionally illustrated in Fig. 21.
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in z1z2 normal co-ordinates. These contours are elliptical for both choices of observed BLMD target 
data with a negative discriminant in Table 3 based on the model cost at nominal parameter value Xm.
Consequently the stationary region enveloping the global minimum is encircled and thus bounded by 
elliptical contours rather than contained within an open wedge shaped response surfaces with no 
define convergence zone. The degree of elliptical eccentricity e of the trapped stationary zone 
quantifies the extent of the ‘line minimum’ of global minimum convergence, congruent with the 
major axis, as notionally illustrated in Figure 20.  

This can be determined from consideration of Fig. 20 by recasting the expression for the normal form 
of the cost surface model in (50) into that for an elliptical contour, evaluated at the nominal parameter 
value Xm with origin at Xs, as  
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The eccentricity e, which measures the degree of ‘flatness’ of the oblate model contour f
mR̂  specified 

at Xm and thus the ‘linear extension’ of the global minimum X0, is given in terms of the lateral 
displacement c of the elliptical foci from the global estimate Xs relative to the length 2b of the major 
axis as 
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The eccentricity of the contours for the model target data in Table 3 is almost unity, as a consequence 
of the large spectral condition number  in each case, indicating a very flat distended ellipse. The 
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Figure 21. Elliptical Contour Bounded Stationary Zone

This can be determined from consideration of Fig. 21 by recasting the expression for the nor‐
mal form of the cost surface model in (50) into that for an elliptical contour, evaluated at the
nominal parameter value Xm with origin at Xs, as
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for model cost differential

( ),
ˆ ˆ ˆ-f f f

m s m s =R R R (54)

with intrinsic parameters

2 2
1 , 2

ˆ ˆ2  and = 2f f
m,s m sa bl l=  R R (55)

The eccentricity e, which measures the degree of ‘flatness’ of the oblate model contour R̂m
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specified at Xm and thus the ‘linear extension’ of the global minimum X0, is given in terms of
the lateral displacement c of the elliptical foci from the global estimate Xs relative to the
length 2b of the major axis as
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The eccentricity of the contours for the model target data in Table 3 is almost unity, as a con‐
sequence of the large spectral condition number η in each case, indicating a very flat dis‐
tended ellipse. The elliptical contours approximates an extended pencil-like global
minimum predominantly in the B parameter co-ordinate direction because the inclination
angle θ in (47) is less than 2º. This is qualified by the magnitude of the axial ratio (AR) which
defines the extent 2b of the ‘line minimum valley’ along the principal direction of the ellipse
in relation to its girth 2a, given by the minor axis length, as
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This contrast of stationary region ‘feature sizes’ in parameter X-space is readily identified as
the spectral condition number η in Table 3 with a ‘line minimum’ extension ratio of about
three orders of magnitude for each target data training record used in the MSE cost surface
description.

The slope and curvature matrix Ĝ of the fitted cost model including its associated eigenval‐
ues are re-evaluated at the acquired global estimate Xs as summarized in Table 4 to gauge
the response surface selectivity either along the parameter co-ordinate directions or the prin‐
cipal axes of the normal form. The second iterative estimate Xs1, along with the residual
costs given in Table 4, is very close to the global minimum target X0 listed in Table 2 for both
cost surface models despite the large condition number in each case. A quantifiable measure
of the fitted model selectivity in an ill conditioned stationary region, tagged by a large spec‐
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tral number η, at discerning the global minimum can be obtained from the surface curvature
κj along a particular parameter co-ordinate direction xj as
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elliptical contours approximates an extended pencil-like global minimum predominantly in the B
parameter co-ordinate direction because the inclination angle  in (47) is less than 2. This is qualified 
by the magnitude of the axial ratio (AR) which defines the extent 2b of the ‘line minimum valley’ 
along the principal direction of the ellipse in relation to its girth 2a, given by the minor axis length, as  
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This contrast of stationary region ‘feature sizes’ in parameter X-space is readily identified as the 
spectral condition number  in Table 3 with a ‘line minimum’ extension ratio of about three orders of 
magnitude for each target data training record used in the MSE cost surface description. 
The slope and curvature matrix Ĝ of the fitted cost model including its associated eigenvalues are re-
evaluated at the acquired global estimate Xs as summarized in Table 4 to gauge the response surface 
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The degree of model selectivity is three orders of magnitude greater in the case of the motor inertia 
for actual measured target data employed in both response surface approximations as evidenced from 
the spectral condition number in Table 3 and in Table 4 for simulated target data trials. Consequently 
this selectivity margin renders a more accurate estimate in the extracted J-parameter which is 
mirrored by the arguments leading to the feature size ratio in (57). The cost surface selectivity 
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Figure 22. Ifa Cost Surface Selectivity

The degree of model selectivity is three orders of magnitude greater in the case of the motor
inertia for actual measured target data employed in both response surface approximations
as evidenced from the spectral condition number in Table 3 and in Table 4 for simulated tar‐
get data trials. Consequently this selectivity margin renders a more accurate estimate in the
extracted J-parameter which is mirrored by the arguments leading to the feature size ratio in
(57). The cost surface selectivity improves along the principal axes of the normal form when
the target data length Nd is extended as indicated by the increased magnitudes of the eigen‐
values in Tables 4 and 3. This trend in enhanced J parameter selectivity, which is a measure
of the accompanying increase in curvature at the global extremum, is displayed in Figs. 22
and 23 for increasing data record lengths and is a manifestation of the narrowing of the cost
surface fold containing the directed ‘line minimum’ principally in the B-parameter direction.
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for model cost differential
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The eccentricity e, which measures the degree of ‘flatness’ of the oblate model contour R̂m
f

specified at Xm and thus the ‘linear extension’ of the global minimum X0, is given in terms of
the lateral displacement c of the elliptical foci from the global estimate Xs relative to the
length 2b of the major axis as
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The eccentricity of the contours for the model target data in Table 3 is almost unity, as a con‐
sequence of the large spectral condition number η in each case, indicating a very flat dis‐
tended ellipse. The elliptical contours approximates an extended pencil-like global
minimum predominantly in the B parameter co-ordinate direction because the inclination
angle θ in (47) is less than 2º. This is qualified by the magnitude of the axial ratio (AR) which
defines the extent 2b of the ‘line minimum valley’ along the principal direction of the ellipse
in relation to its girth 2a, given by the minor axis length, as
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This contrast of stationary region ‘feature sizes’ in parameter X-space is readily identified as
the spectral condition number η in Table 3 with a ‘line minimum’ extension ratio of about
three orders of magnitude for each target data training record used in the MSE cost surface
description.

The slope and curvature matrix Ĝ of the fitted cost model including its associated eigenval‐
ues are re-evaluated at the acquired global estimate Xs as summarized in Table 4 to gauge
the response surface selectivity either along the parameter co-ordinate directions or the prin‐
cipal axes of the normal form. The second iterative estimate Xs1, along with the residual
costs given in Table 4, is very close to the global minimum target X0 listed in Table 2 for both
cost surface models despite the large condition number in each case. A quantifiable measure
of the fitted model selectivity in an ill conditioned stationary region, tagged by a large spec‐
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tral number η, at discerning the global minimum can be obtained from the surface curvature
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elliptical contours approximates an extended pencil-like global minimum predominantly in the B
parameter co-ordinate direction because the inclination angle  in (47) is less than 2. This is qualified 
by the magnitude of the axial ratio (AR) which defines the extent 2b of the ‘line minimum valley’ 
along the principal direction of the ellipse in relation to its girth 2a, given by the minor axis length, as  
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This contrast of stationary region ‘feature sizes’ in parameter X-space is readily identified as the 
spectral condition number  in Table 3 with a ‘line minimum’ extension ratio of about three orders of 
magnitude for each target data training record used in the MSE cost surface description. 
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global minimum target X0 listed in Table 2 for both cost surface models despite the large condition 
number in each case. A quantifiable measure of the fitted model selectivity in an ill conditioned 
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The degree of model selectivity is three orders of magnitude greater in the case of the motor inertia 
for actual measured target data employed in both response surface approximations as evidenced from 
the spectral condition number in Table 3 and in Table 4 for simulated target data trials. Consequently 
this selectivity margin renders a more accurate estimate in the extracted J-parameter which is 
mirrored by the arguments leading to the feature size ratio in (57). The cost surface selectivity 
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Figure 22. Ifa Cost Surface Selectivity

The degree of model selectivity is three orders of magnitude greater in the case of the motor
inertia for actual measured target data employed in both response surface approximations
as evidenced from the spectral condition number in Table 3 and in Table 4 for simulated tar‐
get data trials. Consequently this selectivity margin renders a more accurate estimate in the
extracted J-parameter which is mirrored by the arguments leading to the feature size ratio in
(57). The cost surface selectivity improves along the principal axes of the normal form when
the target data length Nd is extended as indicated by the increased magnitudes of the eigen‐
values in Tables 4 and 3. This trend in enhanced J parameter selectivity, which is a measure
of the accompanying increase in curvature at the global extremum, is displayed in Figs. 22
and 23 for increasing data record lengths and is a manifestation of the narrowing of the cost
surface fold containing the directed ‘line minimum’ principally in the B-parameter direction.
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The selectivity improvements are greater for increased FC step response data record lengths
in Fig. 22 than those for shaft velocity target data in Fig.23. This due to the appearance of
more FC cycles with reduced periodicity as motor speed increases demanding a greater de‐
gree of fitted model accuracy, with smaller margins of error in terms of frequency and phase
coherence at the global minimum value, in the extraction of the optimum parameter vector
XO during system identification. The shaft velocity step response by contrast losses its exci‐
tation persistence with transient speed decay as it evolves towards steady state conditions
with increased data capture time. After a sufficient time elapse the target data transient in‐
formation, responsible for velocity cost surface folding, is submerged by the steady state on‐
set of maximum motor speed conditions. This irretrievable loss of target velocity signal
amplitude variation with time results in a reduction of surface selectivity with parameter
variation near the global minimum. These considerations admit to a better choice in the cur‐
rent feedback as a suitable candidate for MSE objective function formulation where accurate
parameter extraction is essential during the identification phase of optimal controller design
in high performance adaptive BMLD systems for electric vehicle mobility. Furthermore the
increasing trend towards motor sensorless control [30] obviates the need for separate rotor
position sensors with essential information obtained from the motor signature current via
FC sensing at the inverter controller o/p. This adoption of sensorless operation in motor
drive systems lends added importance to observed FC data as a suitable target function dur‐
ing parameter identification.

3. Response surface noise and parameter quantization

The computation ‘noise’ inherent in the MSE penalty function construct, based on simulated
target data at nominal machine parameter values, is manifested as response surface rough‐
ness in parameter space. This is due to model nonlinearities and coarseness of evaluation of

elliptical contours approximates an extended pencil-like global minimum predominantly in the B
parameter co-ordinate direction because the inclination angle  in (47) is less than 2. This is qualified 
by the magnitude of the axial ratio (AR) which defines the extent 2b of the ‘line minimum valley’ 
along the principal direction of the ellipse in relation to its girth 2a, given by the minor axis length, as  
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1

a
bAR                  (57)  

This contrast of stationary region ‘feature sizes’ in parameter X-space is readily identified as the 
spectral condition number  in Table 3 with a ‘line minimum’ extension ratio of about three orders of 
magnitude for each target data training record used in the MSE cost surface description. 
The slope and curvature matrix Ĝ of the fitted cost model including its associated eigenvalues are re-
evaluated at the acquired global estimate Xs as summarized in Table 4 to gauge the response surface 
selectivity either along the parameter co-ordinate directions or the principal axes of the normal form. 
The second iterative estimate Xs1, along with the residual costs given in Table 4, is very close to the 
global minimum target X0 listed in Table 2 for both cost surface models despite the large condition 
number in each case. A quantifiable measure of the fitted model selectivity in an ill conditioned 
stationary region, tagged by a large spectral number , at discerning the global minimum can be 
obtained from the surface curvature j along a particular parameter co-ordinate direction xj as 
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or alternatively in normal form as                 jj                    (60) 

The degree of model selectivity is three orders of magnitude greater in the case of the motor inertia 
for actual measured target data employed in both response surface approximations as evidenced from 
the spectral condition number in Table 3 and in Table 4 for simulated target data trials. Consequently 
this selectivity margin renders a more accurate estimate in the extracted J-parameter which is 
mirrored by the arguments leading to the feature size ratio in (57). The cost surface selectivity 
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the PWM switching instants and results in ‘false’ local minima proliferation in the neighbor‐
hood of the global minimizer.

improves along the principal axes of the normal form when the target data length Nd is extended as 
indicated by the increased magnitudes of the eigenvalues in Tables 4 and 3. This trend in enhanced J
parameter selectivity, which is a measure of the accompanying increase in curvature at the global 
extremum, is displayed in Figs. 21 and 22 for increasing data record lengths and is a manifestation of 
the narrowing of the cost surface fold containing the directed ‘line minimum’ principally in the B-
parameter direction. The selectivity improvements are greater for increased FC step response data 
record lengths in Fig. 21 than those for shaft velocity target data in Fig.22. This due to the appearance 
of more FC cycles with reduced periodicity as motor speed increases demanding a greater degree of 
fitted model accuracy, with smaller margins of error in terms of frequency and phase coherence at the 
global minimum value, in the extraction of the optimum parameter vector XO during system 
identification. The shaft velocity step response by contrast losses its excitation persistence with 
transient speed decay as it evolves towards steady state conditions with increased data capture time. 
After a sufficient time elapse the target data transient information, responsible for velocity cost 
surface folding, is submerged by the steady state onset of maximum motor speed conditions. This 
irretrievable loss of target velocity signal amplitude variation with time results in a reduction of 
surface selectivity with parameter variation near the global minimum. These considerations admit to a 
better choice in the current feedback as a suitable candidate for MSE objective function formulation 
where accurate parameter extraction is essential during the identification phase of optimal controller 
design in high performance adaptive BMLD systems for electric vehicle mobility. Furthermore the 
increasing trend towards motor sensorless control [30] obviates the need for separate rotor position 
sensors with essential information obtained from the motor signature current via FC sensing at the 
inverter controller o/p. This adoption of sensorless operation in motor drive systems lends added 
importance to observed FC data as a suitable target function during parameter identification.  

3.0 RESPONSE SURFACE NOISE AND PARAMETER QUANTIZATION

The computation ‘noise’ inherent in the MSE penalty function construct, based on simulated target 
data at nominal machine parameter values, is manifested as response surface roughness in parameter 
space. This is due to model nonlinearities and coarseness of evaluation of the PWM switching instants 
and results in ‘false’ local minima proliferation in the neighborhood of the global minimizer.  
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Figure 24. Noisy Ifa Cost Surface with PRBS I/P

improves along the principal axes of the normal form when the target data length Nd is extended as 
indicated by the increased magnitudes of the eigenvalues in Tables 4 and 3. This trend in enhanced J
parameter selectivity, which is a measure of the accompanying increase in curvature at the global 
extremum, is displayed in Figs. 21 and 22 for increasing data record lengths and is a manifestation of 
the narrowing of the cost surface fold containing the directed ‘line minimum’ principally in the B-
parameter direction. The selectivity improvements are greater for increased FC step response data 
record lengths in Fig. 21 than those for shaft velocity target data in Fig.22. This due to the appearance 
of more FC cycles with reduced periodicity as motor speed increases demanding a greater degree of 
fitted model accuracy, with smaller margins of error in terms of frequency and phase coherence at the 
global minimum value, in the extraction of the optimum parameter vector XO during system 
identification. The shaft velocity step response by contrast losses its excitation persistence with 
transient speed decay as it evolves towards steady state conditions with increased data capture time. 
After a sufficient time elapse the target data transient information, responsible for velocity cost 
surface folding, is submerged by the steady state onset of maximum motor speed conditions. This 
irretrievable loss of target velocity signal amplitude variation with time results in a reduction of 
surface selectivity with parameter variation near the global minimum. These considerations admit to a 
better choice in the current feedback as a suitable candidate for MSE objective function formulation 
where accurate parameter extraction is essential during the identification phase of optimal controller 
design in high performance adaptive BMLD systems for electric vehicle mobility. Furthermore the 
increasing trend towards motor sensorless control [30] obviates the need for separate rotor position 
sensors with essential information obtained from the motor signature current via FC sensing at the 
inverter controller o/p. This adoption of sensorless operation in motor drive systems lends added 
importance to observed FC data as a suitable target function during parameter identification.  

3.0 RESPONSE SURFACE NOISE AND PARAMETER QUANTIZATION

The computation ‘noise’ inherent in the MSE penalty function construct, based on simulated target 
data at nominal machine parameter values, is manifested as response surface roughness in parameter 
space. This is due to model nonlinearities and coarseness of evaluation of the PWM switching instants 
and results in ‘false’ local minima proliferation in the neighborhood of the global minimizer.  
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Figure 25. Noisy Ifa Cost Surface with PRBS I/P

A typical example of this is illustrated in Figs 24 and 25 for BLMD model simulations, with
and without inverter turn-on delay δ considered, for small step change variations in the sta‐
tor winding inductance LS and torque constant Kt parameters. These response surfaces were
obtained from BLMD simulation, using FC target data for nominal parameter values as in
[1], with a 4095 bit maximal length 2.5 volt bipolar pseudorandom binary sequence (PRBS)
input stimulus. The response surface in Fig.24 has a very shallow paraboloidal shape for the
small parameter tolerance ranges chosen with a rough noisy texture peppered with local
minima in the vicinity of the point-like global minimum. The response surface for simulated
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The selectivity improvements are greater for increased FC step response data record lengths
in Fig. 22 than those for shaft velocity target data in Fig.23. This due to the appearance of
more FC cycles with reduced periodicity as motor speed increases demanding a greater de‐
gree of fitted model accuracy, with smaller margins of error in terms of frequency and phase
coherence at the global minimum value, in the extraction of the optimum parameter vector
XO during system identification. The shaft velocity step response by contrast losses its exci‐
tation persistence with transient speed decay as it evolves towards steady state conditions
with increased data capture time. After a sufficient time elapse the target data transient in‐
formation, responsible for velocity cost surface folding, is submerged by the steady state on‐
set of maximum motor speed conditions. This irretrievable loss of target velocity signal
amplitude variation with time results in a reduction of surface selectivity with parameter
variation near the global minimum. These considerations admit to a better choice in the cur‐
rent feedback as a suitable candidate for MSE objective function formulation where accurate
parameter extraction is essential during the identification phase of optimal controller design
in high performance adaptive BMLD systems for electric vehicle mobility. Furthermore the
increasing trend towards motor sensorless control [30] obviates the need for separate rotor
position sensors with essential information obtained from the motor signature current via
FC sensing at the inverter controller o/p. This adoption of sensorless operation in motor
drive systems lends added importance to observed FC data as a suitable target function dur‐
ing parameter identification.

3. Response surface noise and parameter quantization

The computation ‘noise’ inherent in the MSE penalty function construct, based on simulated
target data at nominal machine parameter values, is manifested as response surface rough‐
ness in parameter space. This is due to model nonlinearities and coarseness of evaluation of

elliptical contours approximates an extended pencil-like global minimum predominantly in the B
parameter co-ordinate direction because the inclination angle  in (47) is less than 2. This is qualified 
by the magnitude of the axial ratio (AR) which defines the extent 2b of the ‘line minimum valley’ 
along the principal direction of the ellipse in relation to its girth 2a, given by the minor axis length, as  
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a
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This contrast of stationary region ‘feature sizes’ in parameter X-space is readily identified as the 
spectral condition number  in Table 3 with a ‘line minimum’ extension ratio of about three orders of 
magnitude for each target data training record used in the MSE cost surface description. 
The slope and curvature matrix Ĝ of the fitted cost model including its associated eigenvalues are re-
evaluated at the acquired global estimate Xs as summarized in Table 4 to gauge the response surface 
selectivity either along the parameter co-ordinate directions or the principal axes of the normal form. 
The second iterative estimate Xs1, along with the residual costs given in Table 4, is very close to the 
global minimum target X0 listed in Table 2 for both cost surface models despite the large condition 
number in each case. A quantifiable measure of the fitted model selectivity in an ill conditioned 
stationary region, tagged by a large spectral number , at discerning the global minimum can be 
obtained from the surface curvature j along a particular parameter co-ordinate direction xj as 
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The degree of model selectivity is three orders of magnitude greater in the case of the motor inertia 
for actual measured target data employed in both response surface approximations as evidenced from 
the spectral condition number in Table 3 and in Table 4 for simulated target data trials. Consequently 
this selectivity margin renders a more accurate estimate in the extracted J-parameter which is 
mirrored by the arguments leading to the feature size ratio in (57). The cost surface selectivity 
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Figure 23. ωr Cost Surface Selectivity
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the PWM switching instants and results in ‘false’ local minima proliferation in the neighbor‐
hood of the global minimizer.

improves along the principal axes of the normal form when the target data length Nd is extended as 
indicated by the increased magnitudes of the eigenvalues in Tables 4 and 3. This trend in enhanced J
parameter selectivity, which is a measure of the accompanying increase in curvature at the global 
extremum, is displayed in Figs. 21 and 22 for increasing data record lengths and is a manifestation of 
the narrowing of the cost surface fold containing the directed ‘line minimum’ principally in the B-
parameter direction. The selectivity improvements are greater for increased FC step response data 
record lengths in Fig. 21 than those for shaft velocity target data in Fig.22. This due to the appearance 
of more FC cycles with reduced periodicity as motor speed increases demanding a greater degree of 
fitted model accuracy, with smaller margins of error in terms of frequency and phase coherence at the 
global minimum value, in the extraction of the optimum parameter vector XO during system 
identification. The shaft velocity step response by contrast losses its excitation persistence with 
transient speed decay as it evolves towards steady state conditions with increased data capture time. 
After a sufficient time elapse the target data transient information, responsible for velocity cost 
surface folding, is submerged by the steady state onset of maximum motor speed conditions. This 
irretrievable loss of target velocity signal amplitude variation with time results in a reduction of 
surface selectivity with parameter variation near the global minimum. These considerations admit to a 
better choice in the current feedback as a suitable candidate for MSE objective function formulation 
where accurate parameter extraction is essential during the identification phase of optimal controller 
design in high performance adaptive BMLD systems for electric vehicle mobility. Furthermore the 
increasing trend towards motor sensorless control [30] obviates the need for separate rotor position 
sensors with essential information obtained from the motor signature current via FC sensing at the 
inverter controller o/p. This adoption of sensorless operation in motor drive systems lends added 
importance to observed FC data as a suitable target function during parameter identification.  

3.0 RESPONSE SURFACE NOISE AND PARAMETER QUANTIZATION

The computation ‘noise’ inherent in the MSE penalty function construct, based on simulated target 
data at nominal machine parameter values, is manifested as response surface roughness in parameter 
space. This is due to model nonlinearities and coarseness of evaluation of the PWM switching instants 
and results in ‘false’ local minima proliferation in the neighborhood of the global minimizer.  
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Figure 24. Noisy Ifa Cost Surface with PRBS I/P

improves along the principal axes of the normal form when the target data length Nd is extended as 
indicated by the increased magnitudes of the eigenvalues in Tables 4 and 3. This trend in enhanced J
parameter selectivity, which is a measure of the accompanying increase in curvature at the global 
extremum, is displayed in Figs. 21 and 22 for increasing data record lengths and is a manifestation of 
the narrowing of the cost surface fold containing the directed ‘line minimum’ principally in the B-
parameter direction. The selectivity improvements are greater for increased FC step response data 
record lengths in Fig. 21 than those for shaft velocity target data in Fig.22. This due to the appearance 
of more FC cycles with reduced periodicity as motor speed increases demanding a greater degree of 
fitted model accuracy, with smaller margins of error in terms of frequency and phase coherence at the 
global minimum value, in the extraction of the optimum parameter vector XO during system 
identification. The shaft velocity step response by contrast losses its excitation persistence with 
transient speed decay as it evolves towards steady state conditions with increased data capture time. 
After a sufficient time elapse the target data transient information, responsible for velocity cost 
surface folding, is submerged by the steady state onset of maximum motor speed conditions. This 
irretrievable loss of target velocity signal amplitude variation with time results in a reduction of 
surface selectivity with parameter variation near the global minimum. These considerations admit to a 
better choice in the current feedback as a suitable candidate for MSE objective function formulation 
where accurate parameter extraction is essential during the identification phase of optimal controller 
design in high performance adaptive BMLD systems for electric vehicle mobility. Furthermore the 
increasing trend towards motor sensorless control [30] obviates the need for separate rotor position 
sensors with essential information obtained from the motor signature current via FC sensing at the 
inverter controller o/p. This adoption of sensorless operation in motor drive systems lends added 
importance to observed FC data as a suitable target function during parameter identification.  

3.0 RESPONSE SURFACE NOISE AND PARAMETER QUANTIZATION

The computation ‘noise’ inherent in the MSE penalty function construct, based on simulated target 
data at nominal machine parameter values, is manifested as response surface roughness in parameter 
space. This is due to model nonlinearities and coarseness of evaluation of the PWM switching instants 
and results in ‘false’ local minima proliferation in the neighborhood of the global minimizer.  
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Figure 25. Noisy Ifa Cost Surface with PRBS I/P

A typical example of this is illustrated in Figs 24 and 25 for BLMD model simulations, with
and without inverter turn-on delay δ considered, for small step change variations in the sta‐
tor winding inductance LS and torque constant Kt parameters. These response surfaces were
obtained from BLMD simulation, using FC target data for nominal parameter values as in
[1], with a 4095 bit maximal length 2.5 volt bipolar pseudorandom binary sequence (PRBS)
input stimulus. The response surface in Fig.24 has a very shallow paraboloidal shape for the
small parameter tolerance ranges chosen with a rough noisy texture peppered with local
minima in the vicinity of the point-like global minimum. The response surface for simulated
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FC target data is relatively smooth in the absence of inverter delay turn-on with a point-like
singularity at the global minimum as shown in Fig.25. The cost functions pertaining to simu‐
lated step response FC Ifa and shaft velocity ωr target data, displayed in Figs.26 and 27 for
the dynamic parameters {J,B}, are also noisy with point-like multiminima scattered around
the ‘pinhole’ stationary point as in the former case. These surfaces are parabolic for very
small tolerance ranges selected near the global minimum as in the main lobe of Fig.1 for the
FC corrugated surface.

A typical example of this is illustrated in Figs 23 and 24 for BLMD model simulations, with and 
without inverter turn-on delay  considered, for small step change variations in the stator winding 
inductance LS and torque constant Kt parameters. These response surfaces were obtained from BLMD 
simulation, using FC target data for nominal parameter values as in [1], with a 4095 bit maximal 
length 2.5 volt bipolar pseudorandom binary sequence (PRBS) input stimulus. The response surface 
in Fig.23 has a very shallow paraboloidal shape for the small parameter tolerance ranges chosen with 
a rough noisy texture peppered with local minima in the vicinity of the point-like global minimum. 
The response surface for simulated FC target data is relatively smooth in the absence of inverter delay 
turn-on with a point-like singularity at the global minimum as shown in Fig.24. The cost functions 
pertaining to simulated step response FC Ifa and shaft velocity r target data, displayed in Figs.25 and 
26 for the dynamic parameters {J,B}, are also noisy with point-like multiminima scattered around the 
‘pinhole’ stationary point as in the former case. These surfaces are parabolic for very small tolerance 
ranges selected near the global minimum as in the main lobe of Fig.1 for the FC corrugated surface.  

   
The side elevations of the MSE cost functions in Figs.27 and 28 demonstrate very effectively the 
fractal landscape with multiminima plurality disposed about the global extremum in the FC case.  
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Figure 26. Noisy Ifa Cost Surface with Step I/P

A typical example of this is illustrated in Figs 23 and 24 for BLMD model simulations, with and 
without inverter turn-on delay  considered, for small step change variations in the stator winding 
inductance LS and torque constant Kt parameters. These response surfaces were obtained from BLMD 
simulation, using FC target data for nominal parameter values as in [1], with a 4095 bit maximal 
length 2.5 volt bipolar pseudorandom binary sequence (PRBS) input stimulus. The response surface 
in Fig.23 has a very shallow paraboloidal shape for the small parameter tolerance ranges chosen with 
a rough noisy texture peppered with local minima in the vicinity of the point-like global minimum. 
The response surface for simulated FC target data is relatively smooth in the absence of inverter delay 
turn-on with a point-like singularity at the global minimum as shown in Fig.24. The cost functions 
pertaining to simulated step response FC Ifa and shaft velocity r target data, displayed in Figs.25 and 
26 for the dynamic parameters {J,B}, are also noisy with point-like multiminima scattered around the 
‘pinhole’ stationary point as in the former case. These surfaces are parabolic for very small tolerance 
ranges selected near the global minimum as in the main lobe of Fig.1 for the FC corrugated surface.  

   
The side elevations of the MSE cost functions in Figs.27 and 28 demonstrate very effectively the 
fractal landscape with multiminima plurality disposed about the global extremum in the FC case.  
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Figure 27. Noisy Velocity Cost Surface with Step I/P

The side elevations of the MSE cost functions in Figs.28 and 29 demonstrate very effectively
the fractal landscape with multiminima plurality disposed about the global extremum in the
FC case.
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A typical example of this is illustrated in Figs 23 and 24 for BLMD model simulations, with and 
without inverter turn-on delay  considered, for small step change variations in the stator winding 
inductance LS and torque constant Kt parameters. These response surfaces were obtained from BLMD 
simulation, using FC target data for nominal parameter values as in [1], with a 4095 bit maximal 
length 2.5 volt bipolar pseudorandom binary sequence (PRBS) input stimulus. The response surface 
in Fig.23 has a very shallow paraboloidal shape for the small parameter tolerance ranges chosen with 
a rough noisy texture peppered with local minima in the vicinity of the point-like global minimum. 
The response surface for simulated FC target data is relatively smooth in the absence of inverter delay 
turn-on with a point-like singularity at the global minimum as shown in Fig.24. The cost functions 
pertaining to simulated step response FC Ifa and shaft velocity r target data, displayed in Figs.25 and 
26 for the dynamic parameters {J,B}, are also noisy with point-like multiminima scattered around the 
‘pinhole’ stationary point as in the former case. These surfaces are parabolic for very small tolerance 
ranges selected near the global minimum as in the main lobe of Fig.1 for the FC corrugated surface.  

   
The side elevations of the MSE cost functions in Figs.27 and 28 demonstrate very effectively the 
fractal landscape with multiminima plurality disposed about the global extremum in the FC case.  
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Figure 28. Noisy Ifa Cost Surface Side Elevation

A typical example of this is illustrated in Figs 23 and 24 for BLMD model simulations, with and 
without inverter turn-on delay  considered, for small step change variations in the stator winding 
inductance LS and torque constant Kt parameters. These response surfaces were obtained from BLMD 
simulation, using FC target data for nominal parameter values as in [1], with a 4095 bit maximal 
length 2.5 volt bipolar pseudorandom binary sequence (PRBS) input stimulus. The response surface 
in Fig.23 has a very shallow paraboloidal shape for the small parameter tolerance ranges chosen with 
a rough noisy texture peppered with local minima in the vicinity of the point-like global minimum. 
The response surface for simulated FC target data is relatively smooth in the absence of inverter delay 
turn-on with a point-like singularity at the global minimum as shown in Fig.24. The cost functions 
pertaining to simulated step response FC Ifa and shaft velocity r target data, displayed in Figs.25 and 
26 for the dynamic parameters {J,B}, are also noisy with point-like multiminima scattered around the 
‘pinhole’ stationary point as in the former case. These surfaces are parabolic for very small tolerance 
ranges selected near the global minimum as in the main lobe of Fig.1 for the FC corrugated surface.  

   
The side elevations of the MSE cost functions in Figs.27 and 28 demonstrate very effectively the 
fractal landscape with multiminima plurality disposed about the global extremum in the FC case.  
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Figure 29. Noisy Velocity Cost Surface Side Elevation

In the simulated velocity response surface shown in Fig.29 a stationary region exists at zero
floor cost with no definite observable global minimum point. An alternative perspective of
the minimum stationary regions is provided by the contour maps shown in Figs.30 and 31
for FC and shaft velocity target data respectively. The existence of the point-like global mini‐
mum singularity with surface noisiness is clearly evident from the level contours in the FC
surface relief map. In the case of the shaft velocity response surface the presence of ‘noisy’
local minima strewn over the ‘river bed’ syncline of the global minimum stationary region is
clearly defined by the contour map in Fig.31. The occurrence of ‘noisy’ local minima in the
above error surfaces presents a difficulty to any classical optimization method in acquiring
the global minimizer where fine parameter resolution is concerned.

A more detailed examination of the effect of inverter delay, achieved through BLMD model
simulation without current controller o/p saturation using a 1 volt torque demand step i/p, on
the one dimensional MSE response surface in Fig. 32 for very small inductance variation reveal
a granulated profile which is less pronounced than that in Fig. 33 with the absence of delay.

Mathematical Analysis for Response Surface Parameter Identification of Motor Dynamics in Electric Vehicle...
http://dx.doi.org/10.5772/54483
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FC target data is relatively smooth in the absence of inverter delay turn-on with a point-like
singularity at the global minimum as shown in Fig.25. The cost functions pertaining to simu‐
lated step response FC Ifa and shaft velocity ωr target data, displayed in Figs.26 and 27 for
the dynamic parameters {J,B}, are also noisy with point-like multiminima scattered around
the ‘pinhole’ stationary point as in the former case. These surfaces are parabolic for very
small tolerance ranges selected near the global minimum as in the main lobe of Fig.1 for the
FC corrugated surface.

A typical example of this is illustrated in Figs 23 and 24 for BLMD model simulations, with and 
without inverter turn-on delay  considered, for small step change variations in the stator winding 
inductance LS and torque constant Kt parameters. These response surfaces were obtained from BLMD 
simulation, using FC target data for nominal parameter values as in [1], with a 4095 bit maximal 
length 2.5 volt bipolar pseudorandom binary sequence (PRBS) input stimulus. The response surface 
in Fig.23 has a very shallow paraboloidal shape for the small parameter tolerance ranges chosen with 
a rough noisy texture peppered with local minima in the vicinity of the point-like global minimum. 
The response surface for simulated FC target data is relatively smooth in the absence of inverter delay 
turn-on with a point-like singularity at the global minimum as shown in Fig.24. The cost functions 
pertaining to simulated step response FC Ifa and shaft velocity r target data, displayed in Figs.25 and 
26 for the dynamic parameters {J,B}, are also noisy with point-like multiminima scattered around the 
‘pinhole’ stationary point as in the former case. These surfaces are parabolic for very small tolerance 
ranges selected near the global minimum as in the main lobe of Fig.1 for the FC corrugated surface.  

   
The side elevations of the MSE cost functions in Figs.27 and 28 demonstrate very effectively the 
fractal landscape with multiminima plurality disposed about the global extremum in the FC case.  
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Figure 26. Noisy Ifa Cost Surface with Step I/P

A typical example of this is illustrated in Figs 23 and 24 for BLMD model simulations, with and 
without inverter turn-on delay  considered, for small step change variations in the stator winding 
inductance LS and torque constant Kt parameters. These response surfaces were obtained from BLMD 
simulation, using FC target data for nominal parameter values as in [1], with a 4095 bit maximal 
length 2.5 volt bipolar pseudorandom binary sequence (PRBS) input stimulus. The response surface 
in Fig.23 has a very shallow paraboloidal shape for the small parameter tolerance ranges chosen with 
a rough noisy texture peppered with local minima in the vicinity of the point-like global minimum. 
The response surface for simulated FC target data is relatively smooth in the absence of inverter delay 
turn-on with a point-like singularity at the global minimum as shown in Fig.24. The cost functions 
pertaining to simulated step response FC Ifa and shaft velocity r target data, displayed in Figs.25 and 
26 for the dynamic parameters {J,B}, are also noisy with point-like multiminima scattered around the 
‘pinhole’ stationary point as in the former case. These surfaces are parabolic for very small tolerance 
ranges selected near the global minimum as in the main lobe of Fig.1 for the FC corrugated surface.  

   
The side elevations of the MSE cost functions in Figs.27 and 28 demonstrate very effectively the 
fractal landscape with multiminima plurality disposed about the global extremum in the FC case.  
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Figure 27. Noisy Velocity Cost Surface with Step I/P

The side elevations of the MSE cost functions in Figs.28 and 29 demonstrate very effectively
the fractal landscape with multiminima plurality disposed about the global extremum in the
FC case.
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A typical example of this is illustrated in Figs 23 and 24 for BLMD model simulations, with and 
without inverter turn-on delay  considered, for small step change variations in the stator winding 
inductance LS and torque constant Kt parameters. These response surfaces were obtained from BLMD 
simulation, using FC target data for nominal parameter values as in [1], with a 4095 bit maximal 
length 2.5 volt bipolar pseudorandom binary sequence (PRBS) input stimulus. The response surface 
in Fig.23 has a very shallow paraboloidal shape for the small parameter tolerance ranges chosen with 
a rough noisy texture peppered with local minima in the vicinity of the point-like global minimum. 
The response surface for simulated FC target data is relatively smooth in the absence of inverter delay 
turn-on with a point-like singularity at the global minimum as shown in Fig.24. The cost functions 
pertaining to simulated step response FC Ifa and shaft velocity r target data, displayed in Figs.25 and 
26 for the dynamic parameters {J,B}, are also noisy with point-like multiminima scattered around the 
‘pinhole’ stationary point as in the former case. These surfaces are parabolic for very small tolerance 
ranges selected near the global minimum as in the main lobe of Fig.1 for the FC corrugated surface.  

   
The side elevations of the MSE cost functions in Figs.27 and 28 demonstrate very effectively the 
fractal landscape with multiminima plurality disposed about the global extremum in the FC case.  
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Figure 28. Noisy Ifa Cost Surface Side Elevation

A typical example of this is illustrated in Figs 23 and 24 for BLMD model simulations, with and 
without inverter turn-on delay  considered, for small step change variations in the stator winding 
inductance LS and torque constant Kt parameters. These response surfaces were obtained from BLMD 
simulation, using FC target data for nominal parameter values as in [1], with a 4095 bit maximal 
length 2.5 volt bipolar pseudorandom binary sequence (PRBS) input stimulus. The response surface 
in Fig.23 has a very shallow paraboloidal shape for the small parameter tolerance ranges chosen with 
a rough noisy texture peppered with local minima in the vicinity of the point-like global minimum. 
The response surface for simulated FC target data is relatively smooth in the absence of inverter delay 
turn-on with a point-like singularity at the global minimum as shown in Fig.24. The cost functions 
pertaining to simulated step response FC Ifa and shaft velocity r target data, displayed in Figs.25 and 
26 for the dynamic parameters {J,B}, are also noisy with point-like multiminima scattered around the 
‘pinhole’ stationary point as in the former case. These surfaces are parabolic for very small tolerance 
ranges selected near the global minimum as in the main lobe of Fig.1 for the FC corrugated surface.  

   
The side elevations of the MSE cost functions in Figs.27 and 28 demonstrate very effectively the 
fractal landscape with multiminima plurality disposed about the global extremum in the FC case.  

0
10

20 30

0

10

20

30

0

5

x10-4
MSE

10

Noisy Ifa Cost Surface Simulation near
Global Minimum Convergence Zone

J

B

kJ

kB

Eifa
m ( )X

J =Jmin +kJm

B =Bmin +jBm

Jm =3.0375e-4 kg.m-2

Bm =2.14e-3 Nm/rad/s

Jmin = 99.84%Jm; Jm =0.01% Jm

Bmin = 99.68%Bm Bm =0.02% Bm

d =1v Step I/P

0
10

20
30

0

10

20

30

0

0.02

0.04

0.06
MSE

Noisy Shaft Velocity r Cost Surface Simulation near
Global Minimum Convergence Zone

J

B

kJ

kB

E
r

m


( )X

J =Jmin +kJm

B =Bmin +jBm

Jm =3.0375e-4 kg.m-2

Bm =2.14e-3 Nm/rad/s

Jmin = 99.84%Jm; Jm =0.01% Jm
Bmin = 99.68%Bm Bm =0.02% Bm

d =1v Step I/P

      Fig.25: Noisy Ifa Cost Surface with Step I/P            Fig.26: Noisy Velocity Cost Surface with Step I/P 

5x10-4

0 10 20 30

0

0.001

MSE

Cost Surface “Pinhole”
Global Minimum Singularity

Side Elevation of Noisy Ifa Cost Surface

J

B

J =Jmin +kJm

B =Bmin +jBm

Jm =3.0375e-4 kg.m-2

Bm =2.14e-3 Nm/rad/s
Jmin = 99.84%Jm; Jm =0.01% Jm

Bmin = 99.68%Bm Bm =0.02% Bm

d =1v Step I/P

0 10 20 30

0

0.02

0.04

0.06

MSE

Side Elevation of Noisy Shaft Velocity Cost Surface

JB

J =Jmin +kJm

B =Bmin +jBm

Jm =3.0375e-4 kg.m-2

Bm =2.14e-3 Nm/rad/s

Jmin = 99.84%Jm; Jm =0.01% Jm

Bmin = 99.68%Bm Bm =0.02% Bm

J =Jmin +kJm

d =1v Step I/P

       Fig.27: Noisy Ifa Cost Surface Side Elevation              Fig.28: Noisy Velocity Cost Surface Side Elevation 

Figure 29. Noisy Velocity Cost Surface Side Elevation

In the simulated velocity response surface shown in Fig.29 a stationary region exists at zero
floor cost with no definite observable global minimum point. An alternative perspective of
the minimum stationary regions is provided by the contour maps shown in Figs.30 and 31
for FC and shaft velocity target data respectively. The existence of the point-like global mini‐
mum singularity with surface noisiness is clearly evident from the level contours in the FC
surface relief map. In the case of the shaft velocity response surface the presence of ‘noisy’
local minima strewn over the ‘river bed’ syncline of the global minimum stationary region is
clearly defined by the contour map in Fig.31. The occurrence of ‘noisy’ local minima in the
above error surfaces presents a difficulty to any classical optimization method in acquiring
the global minimizer where fine parameter resolution is concerned.

A more detailed examination of the effect of inverter delay, achieved through BLMD model
simulation without current controller o/p saturation using a 1 volt torque demand step i/p, on
the one dimensional MSE response surface in Fig. 32 for very small inductance variation reveal
a granulated profile which is less pronounced than that in Fig. 33 with the absence of delay.
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In the simulated velocity response surface shown in Fig.28 a stationary region exists at zero floor cost 
with no definite observable global minimum point. An alternative perspective of the minimum 
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target data respectively. The existence of the point-like global minimum singularity with surface 
noisiness is clearly evident from the level contours in the FC surface relief map. In the case of the 
shaft velocity response surface the presence of ‘noisy’ local minima strewn over the ‘river bed’ 
syncline of the global minimum stationary region is clearly defined by the contour map in Fig.30. The 
occurrence of ‘noisy’ local minima in the above error surfaces presents a difficulty to any classical 
optimization method in acquiring the global minimizer where fine parameter resolution is concerned. 

A more detailed examination of the effect of inverter delay, achieved through BLMD model 
simulation without current controller o/p saturation using a 1 volt torque demand step i/p, on the one 
dimensional MSE response surface in Fig. 31 for very small inductance variation reveal a granulated 
profile which is less pronounced than that in Fig.32 with the absence of delay. 
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Figure 30. Noisy Local Minima Ifa Contour Map

In the simulated velocity response surface shown in Fig.28 a stationary region exists at zero floor cost 
with no definite observable global minimum point. An alternative perspective of the minimum 
stationary regions is provided by the contour maps shown in Figs.29 and 30 for FC and shaft velocity 
target data respectively. The existence of the point-like global minimum singularity with surface 
noisiness is clearly evident from the level contours in the FC surface relief map. In the case of the 
shaft velocity response surface the presence of ‘noisy’ local minima strewn over the ‘river bed’ 
syncline of the global minimum stationary region is clearly defined by the contour map in Fig.30. The 
occurrence of ‘noisy’ local minima in the above error surfaces presents a difficulty to any classical 
optimization method in acquiring the global minimizer where fine parameter resolution is concerned. 

A more detailed examination of the effect of inverter delay, achieved through BLMD model 
simulation without current controller o/p saturation using a 1 volt torque demand step i/p, on the one 
dimensional MSE response surface in Fig. 31 for very small inductance variation reveal a granulated 
profile which is less pronounced than that in Fig.32 with the absence of delay. 
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Figure 31. Noisy Local Minima ωr Contour Map

In the simulated velocity response surface shown in Fig.28 a stationary region exists at zero floor cost 
with no definite observable global minimum point. An alternative perspective of the minimum 
stationary regions is provided by the contour maps shown in Figs.29 and 30 for FC and shaft velocity 
target data respectively. The existence of the point-like global minimum singularity with surface 
noisiness is clearly evident from the level contours in the FC surface relief map. In the case of the 
shaft velocity response surface the presence of ‘noisy’ local minima strewn over the ‘river bed’ 
syncline of the global minimum stationary region is clearly defined by the contour map in Fig.30. The 
occurrence of ‘noisy’ local minima in the above error surfaces presents a difficulty to any classical 
optimization method in acquiring the global minimizer where fine parameter resolution is concerned. 

A more detailed examination of the effect of inverter delay, achieved through BLMD model 
simulation without current controller o/p saturation using a 1 volt torque demand step i/p, on the one 
dimensional MSE response surface in Fig. 31 for very small inductance variation reveal a granulated 
profile which is less pronounced than that in Fig.32 with the absence of delay. 
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Figure 32. Cost Simulation with Delay δ
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In the simulated velocity response surface shown in Fig.28 a stationary region exists at zero floor cost 
with no definite observable global minimum point. An alternative perspective of the minimum 
stationary regions is provided by the contour maps shown in Figs.29 and 30 for FC and shaft velocity 
target data respectively. The existence of the point-like global minimum singularity with surface 
noisiness is clearly evident from the level contours in the FC surface relief map. In the case of the 
shaft velocity response surface the presence of ‘noisy’ local minima strewn over the ‘river bed’ 
syncline of the global minimum stationary region is clearly defined by the contour map in Fig.30. The 
occurrence of ‘noisy’ local minima in the above error surfaces presents a difficulty to any classical 
optimization method in acquiring the global minimizer where fine parameter resolution is concerned. 

A more detailed examination of the effect of inverter delay, achieved through BLMD model 
simulation without current controller o/p saturation using a 1 volt torque demand step i/p, on the one 
dimensional MSE response surface in Fig. 31 for very small inductance variation reveal a granulated 
profile which is less pronounced than that in Fig.32 with the absence of delay. 
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Figure 33. Cost Simulation without Delay

The use of a PWM switch transition time search, based on a single iteration of the regula-
falsi method to keep simulation time overhead low, marginally reduces the response error
as in Figs.34 and 35. The sensitivity [31] of the error response E with inductance Ls
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is very low in all cases and for a ±12% inductance variation gives a change of ΔE=1.5×10-4 in
1.75×10-4 for E. Poor cost surface selectivity will ensue in such cases of low sensitivity over a
large parameter tolerance range with possible local minimum convergence if the search
process is initiated far from the global minimizer with a noisy cost function.

The use of a PWM switch transition time search, based on a single iteration of the regula-falsi method 
to keep simulation time overhead low, marginally reduces the response error as in Figs.33 and 34. 
The sensitivity [31] of the error response E with inductance Ls
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is very low in all cases and for a 12% inductance variation gives a change of E=1.510-4 in 
1.7510-4 for E. Poor cost surface selectivity will ensue in such cases of low sensitivity over a large 
parameter tolerance range with possible local minimum convergence if the search process is initiated 
far from the global minimizer with a noisy cost function. 

3.1 Novel Theoretical Estimation of PWM Edge Transition Computation Noise [18] 
A measure of the computation ‘noise’, induced through inaccurate resolution of the PWM edge 
transition within a simulation time step t, can be ascertained from the associated error in random 
pulsed energy delivery by the inverter to the stator winding within t. Since there is one PWM edge 
transition every half-switching interval TS/2 of the inverter the expectation in the power delivery error 
to the stator can be obtained [18], from the error in pulse energy dispatch during the time step interval 

t, as   Sd TtUEE smaxs  2
222)()( TET

EP               (62).  

The expected random voltage vn error associated with inaccurate resolution in PWM inverter 
switching during BLMD simulation is thus given by 

        Sdn TtUEv  )(P              (63A)  

If the chosen simulation time step t is 1s and the inverter switching parameters in [1] are 
substituted into (63A) the expected uncertainty vn in the inverter output voltage Vjg per phase j can be 
obtained as 

       volts92.212001310 nv .             (63B) 
This value of voltage uncertainty in the inverter output is not insignificant as its magnitude is 7.1% of 
the inverter HT voltage Ud for a simulation time step size of 1s. The error can be reduced by 
decreasing the simulation step size t for a more accurate resolution of the pulse edge transition time, 
once its occurrence has been flagged, or alternatively by means of an accurate search using the 
regula-falsi method as described in [1]. 
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In the simulated velocity response surface shown in Fig.28 a stationary region exists at zero floor cost 
with no definite observable global minimum point. An alternative perspective of the minimum 
stationary regions is provided by the contour maps shown in Figs.29 and 30 for FC and shaft velocity 
target data respectively. The existence of the point-like global minimum singularity with surface 
noisiness is clearly evident from the level contours in the FC surface relief map. In the case of the 
shaft velocity response surface the presence of ‘noisy’ local minima strewn over the ‘river bed’ 
syncline of the global minimum stationary region is clearly defined by the contour map in Fig.30. The 
occurrence of ‘noisy’ local minima in the above error surfaces presents a difficulty to any classical 
optimization method in acquiring the global minimizer where fine parameter resolution is concerned. 

A more detailed examination of the effect of inverter delay, achieved through BLMD model 
simulation without current controller o/p saturation using a 1 volt torque demand step i/p, on the one 
dimensional MSE response surface in Fig. 31 for very small inductance variation reveal a granulated 
profile which is less pronounced than that in Fig.32 with the absence of delay. 

   Fig.29: Noisy Local Minima Ifa Contour Map       Fig.30: Noisy Local Minima r Contour Map
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Figure 30. Noisy Local Minima Ifa Contour Map

In the simulated velocity response surface shown in Fig.28 a stationary region exists at zero floor cost 
with no definite observable global minimum point. An alternative perspective of the minimum 
stationary regions is provided by the contour maps shown in Figs.29 and 30 for FC and shaft velocity 
target data respectively. The existence of the point-like global minimum singularity with surface 
noisiness is clearly evident from the level contours in the FC surface relief map. In the case of the 
shaft velocity response surface the presence of ‘noisy’ local minima strewn over the ‘river bed’ 
syncline of the global minimum stationary region is clearly defined by the contour map in Fig.30. The 
occurrence of ‘noisy’ local minima in the above error surfaces presents a difficulty to any classical 
optimization method in acquiring the global minimizer where fine parameter resolution is concerned. 

A more detailed examination of the effect of inverter delay, achieved through BLMD model 
simulation without current controller o/p saturation using a 1 volt torque demand step i/p, on the one 
dimensional MSE response surface in Fig. 31 for very small inductance variation reveal a granulated 
profile which is less pronounced than that in Fig.32 with the absence of delay. 
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Figure 31. Noisy Local Minima ωr Contour Map

In the simulated velocity response surface shown in Fig.28 a stationary region exists at zero floor cost 
with no definite observable global minimum point. An alternative perspective of the minimum 
stationary regions is provided by the contour maps shown in Figs.29 and 30 for FC and shaft velocity 
target data respectively. The existence of the point-like global minimum singularity with surface 
noisiness is clearly evident from the level contours in the FC surface relief map. In the case of the 
shaft velocity response surface the presence of ‘noisy’ local minima strewn over the ‘river bed’ 
syncline of the global minimum stationary region is clearly defined by the contour map in Fig.30. The 
occurrence of ‘noisy’ local minima in the above error surfaces presents a difficulty to any classical 
optimization method in acquiring the global minimizer where fine parameter resolution is concerned. 

A more detailed examination of the effect of inverter delay, achieved through BLMD model 
simulation without current controller o/p saturation using a 1 volt torque demand step i/p, on the one 
dimensional MSE response surface in Fig. 31 for very small inductance variation reveal a granulated 
profile which is less pronounced than that in Fig.32 with the absence of delay. 
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Figure 32. Cost Simulation with Delay δ
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In the simulated velocity response surface shown in Fig.28 a stationary region exists at zero floor cost 
with no definite observable global minimum point. An alternative perspective of the minimum 
stationary regions is provided by the contour maps shown in Figs.29 and 30 for FC and shaft velocity 
target data respectively. The existence of the point-like global minimum singularity with surface 
noisiness is clearly evident from the level contours in the FC surface relief map. In the case of the 
shaft velocity response surface the presence of ‘noisy’ local minima strewn over the ‘river bed’ 
syncline of the global minimum stationary region is clearly defined by the contour map in Fig.30. The 
occurrence of ‘noisy’ local minima in the above error surfaces presents a difficulty to any classical 
optimization method in acquiring the global minimizer where fine parameter resolution is concerned. 

A more detailed examination of the effect of inverter delay, achieved through BLMD model 
simulation without current controller o/p saturation using a 1 volt torque demand step i/p, on the one 
dimensional MSE response surface in Fig. 31 for very small inductance variation reveal a granulated 
profile which is less pronounced than that in Fig.32 with the absence of delay. 
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Figure 33. Cost Simulation without Delay

The use of a PWM switch transition time search, based on a single iteration of the regula-
falsi method to keep simulation time overhead low, marginally reduces the response error
as in Figs.34 and 35. The sensitivity [31] of the error response E with inductance Ls
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is very low in all cases and for a ±12% inductance variation gives a change of ΔE=1.5×10-4 in
1.75×10-4 for E. Poor cost surface selectivity will ensue in such cases of low sensitivity over a
large parameter tolerance range with possible local minimum convergence if the search
process is initiated far from the global minimizer with a noisy cost function.

The use of a PWM switch transition time search, based on a single iteration of the regula-falsi method 
to keep simulation time overhead low, marginally reduces the response error as in Figs.33 and 34. 
The sensitivity [31] of the error response E with inductance Ls
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is very low in all cases and for a 12% inductance variation gives a change of E=1.510-4 in 
1.7510-4 for E. Poor cost surface selectivity will ensue in such cases of low sensitivity over a large 
parameter tolerance range with possible local minimum convergence if the search process is initiated 
far from the global minimizer with a noisy cost function. 

3.1 Novel Theoretical Estimation of PWM Edge Transition Computation Noise [18] 
A measure of the computation ‘noise’, induced through inaccurate resolution of the PWM edge 
transition within a simulation time step t, can be ascertained from the associated error in random 
pulsed energy delivery by the inverter to the stator winding within t. Since there is one PWM edge 
transition every half-switching interval TS/2 of the inverter the expectation in the power delivery error 
to the stator can be obtained [18], from the error in pulse energy dispatch during the time step interval 

t, as   Sd TtUEE smaxs  2
222)()( TET

EP               (62).  

The expected random voltage vn error associated with inaccurate resolution in PWM inverter 
switching during BLMD simulation is thus given by 

        Sdn TtUEv  )(P              (63A)  

If the chosen simulation time step t is 1s and the inverter switching parameters in [1] are 
substituted into (63A) the expected uncertainty vn in the inverter output voltage Vjg per phase j can be 
obtained as 

       volts92.212001310 nv .             (63B) 
This value of voltage uncertainty in the inverter output is not insignificant as its magnitude is 7.1% of 
the inverter HT voltage Ud for a simulation time step size of 1s. The error can be reduced by 
decreasing the simulation step size t for a more accurate resolution of the pulse edge transition time, 
once its occurrence has been flagged, or alternatively by means of an accurate search using the 
regula-falsi method as described in [1]. 
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Figure 34. BLMD Delay & Reg.-Fal. Method
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The use of a PWM switch transition time search, based on a single iteration of the regula-falsi method 
to keep simulation time overhead low, marginally reduces the response error as in Figs.33 and 34. 
The sensitivity [31] of the error response E with inductance Ls
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is very low in all cases and for a 12% inductance variation gives a change of E=1.510-4 in 
1.7510-4 for E. Poor cost surface selectivity will ensue in such cases of low sensitivity over a large 
parameter tolerance range with possible local minimum convergence if the search process is initiated 
far from the global minimizer with a noisy cost function. 

3.1 Novel Theoretical Estimation of PWM Edge Transition Computation Noise [18] 
A measure of the computation ‘noise’, induced through inaccurate resolution of the PWM edge 
transition within a simulation time step t, can be ascertained from the associated error in random 
pulsed energy delivery by the inverter to the stator winding within t. Since there is one PWM edge 
transition every half-switching interval TS/2 of the inverter the expectation in the power delivery error 
to the stator can be obtained [18], from the error in pulse energy dispatch during the time step interval 

t, as   Sd TtUEE smaxs  2
222)()( TET

EP               (62).  

The expected random voltage vn error associated with inaccurate resolution in PWM inverter 
switching during BLMD simulation is thus given by 

        Sdn TtUEv  )(P              (63A)  

If the chosen simulation time step t is 1s and the inverter switching parameters in [1] are 
substituted into (63A) the expected uncertainty vn in the inverter output voltage Vjg per phase j can be 
obtained as 

       volts92.212001310 nv .             (63B) 
This value of voltage uncertainty in the inverter output is not insignificant as its magnitude is 7.1% of 
the inverter HT voltage Ud for a simulation time step size of 1s. The error can be reduced by 
decreasing the simulation step size t for a more accurate resolution of the pulse edge transition time, 
once its occurrence has been flagged, or alternatively by means of an accurate search using the 
regula-falsi method as described in [1]. 
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Figure 35. Zero Delay & Reg.-Fal. Method

3.1. Novel theoretical estimation of PWM edge transition computation noise [18]

A measure of the computation ‘noise’, induced through inaccurate resolution of the PWM
edge transition within a simulation time step Δt, can be ascertained from the associated er‐
ror in random pulsed energy delivery by the inverter to the stator winding within Δt. Since
there is one PWM edge transition every half-switching interval TS/2 of the inverter the ex‐
pectation in the power delivery error to the stator can be obtained [18], from the error in
pulse energy dispatch during the time step interval Δt, as

2
2 2 2( ) ( ) d SE E U t T   s max sT E TP E (62)

The expected random voltage vn error associated with inaccurate resolution in PWM inver‐
ter switching during BLMD simulation is thus given by
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If the chosen simulation time step Δt is 1μs and the inverter switching parameters in [1] are
substituted into (63)-(a) the expected uncertainty vn in the inverter output voltage Vjg per
phase j can be obtained as (63)-(b)

This value of voltage uncertainty in the inverter output is not insignificant as its magnitude
is 7.1% of the inverter HT voltage Ud for a simulation time step size of 1μs. The error can be
reduced by decreasing the simulation step size Δt for a more accurate resolution of the pulse
edge transition time, once its occurrence has been flagged, or alternatively by means of an
accurate search using the regula-falsi method as described in [1].
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The statistical considerations of pulsed energy delivery by the PWM inverter in [18], arising from 
BLMD simulation with a fixed time step size, illuminates the origin of computation ‘noisiness’ and its 
subsequent manifestation as cost surface roughness as shown in Figs.35 and 36. For fixed shaft load 
inertia changes, encountered in motive power applications and electric vehicles, the use of a coarse 
quantization step size J in the inertial parameter variable about the nominal value Jm results in 
smooth generated and noise-free response surfaces as shown in Figs.1 and 2 for actual FC and shaft 
velocity target data. However for a sufficiently small step size variation in the inertia Jm  and damping 
Bm a ‘noisy’ cost surface with a proliferation of local minima results in both cases as shown in Figs 
35 and 36 for corresponding target test data. The degree of resolution of the parameter step size, that 
can be obtained and then used in an identification search strategy, depends upon the onset of cost 
surface irregularity.  
3.2 Novel Mathematical Analysis of Quadratic Curve Fitting to Noisy MSE Cost Surface [18,21] 
The accuracy of any classical identification scheme used in terms of parameter resolving capabilities 
can be gauged by fitting a quadratic [26] to the response surfaces in each test case and determining 
rms deviation of the PWM computation noise related residuals. The quadratic fit employed  
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for N steps in the indexed parameter xk as shown in Fig.37 with   
},{;)( mmmmk BJxxmkxx                  (65)  

is based on an infinitesimal step size x, in model simulation to reflect response surface roughness, 
and centred in a tolerance band mx  within indexed range m  of the nominal value mx  as  
                 xxm m                   (66)  
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The nature of the residual error  
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Figure 36. Ifa Surface Noise with Inertia Variation

The statistical considerations of pulsed energy delivery by the PWM inverter in [18], arising from 
BLMD simulation with a fixed time step size, illuminates the origin of computation ‘noisiness’ and its 
subsequent manifestation as cost surface roughness as shown in Figs.35 and 36. For fixed shaft load 
inertia changes, encountered in motive power applications and electric vehicles, the use of a coarse 
quantization step size J in the inertial parameter variable about the nominal value Jm results in 
smooth generated and noise-free response surfaces as shown in Figs.1 and 2 for actual FC and shaft 
velocity target data. However for a sufficiently small step size variation in the inertia Jm  and damping 
Bm a ‘noisy’ cost surface with a proliferation of local minima results in both cases as shown in Figs 
35 and 36 for corresponding target test data. The degree of resolution of the parameter step size, that 
can be obtained and then used in an identification search strategy, depends upon the onset of cost 
surface irregularity.  
3.2 Novel Mathematical Analysis of Quadratic Curve Fitting to Noisy MSE Cost Surface [18,21] 
The accuracy of any classical identification scheme used in terms of parameter resolving capabilities 
can be gauged by fitting a quadratic [26] to the response surfaces in each test case and determining 
rms deviation of the PWM computation noise related residuals. The quadratic fit employed  

NkxbxbbxQ kkk  1;)( 2
210                  (64) 

for N steps in the indexed parameter xk as shown in Fig.37 with   
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is based on an infinitesimal step size x, in model simulation to reflect response surface roughness, 
and centred in a tolerance band mx  within indexed range m  of the nominal value mx  as  
                 xxm m                   (66)  

for                   mmaxminmm xxxxx  .                               (67) 

The nature of the residual error  
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associated with the least squares quadratic fit to the various cost functions  
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Figure 37. Ifa Surface Noise Variation with B

The statistical considerations of pulsed energy delivery by the PWM inverter in [18], arising
from BLMD simulation with a fixed time step size, illuminates the origin of computation
‘noisiness’ and its subsequent manifestation as cost surface roughness as shown in Figs.36
and 37. For fixed shaft load inertia changes, encountered in motive power applications and
electric vehicles, the use of a coarse quantization step size δJ in the inertial parameter varia‐
ble about the nominal value Jm results in smooth generated and noise-free response surfaces
as shown in Figs.1 and 2 for actual FC and shaft velocity target data. However for a suffi‐
ciently small step size variation in the inertia Jm and damping Bm a ‘noisy’ cost surface with a
proliferation of local minima results in both cases as shown in Figs 36 and 37 for corre‐
sponding target test data. The degree of resolution of the parameter step size, that can be
obtained and then used in an identification search strategy, depends upon the onset of cost
surface irregularity.
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The use of a PWM switch transition time search, based on a single iteration of the regula-falsi method 
to keep simulation time overhead low, marginally reduces the response error as in Figs.33 and 34. 
The sensitivity [31] of the error response E with inductance Ls
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is very low in all cases and for a 12% inductance variation gives a change of E=1.510-4 in 
1.7510-4 for E. Poor cost surface selectivity will ensue in such cases of low sensitivity over a large 
parameter tolerance range with possible local minimum convergence if the search process is initiated 
far from the global minimizer with a noisy cost function. 

3.1 Novel Theoretical Estimation of PWM Edge Transition Computation Noise [18] 
A measure of the computation ‘noise’, induced through inaccurate resolution of the PWM edge 
transition within a simulation time step t, can be ascertained from the associated error in random 
pulsed energy delivery by the inverter to the stator winding within t. Since there is one PWM edge 
transition every half-switching interval TS/2 of the inverter the expectation in the power delivery error 
to the stator can be obtained [18], from the error in pulse energy dispatch during the time step interval 

t, as   Sd TtUEE smaxs  2
222)()( TET

EP               (62).  

The expected random voltage vn error associated with inaccurate resolution in PWM inverter 
switching during BLMD simulation is thus given by 

        Sdn TtUEv  )(P              (63A)  

If the chosen simulation time step t is 1s and the inverter switching parameters in [1] are 
substituted into (63A) the expected uncertainty vn in the inverter output voltage Vjg per phase j can be 
obtained as 

       volts92.212001310 nv .             (63B) 
This value of voltage uncertainty in the inverter output is not insignificant as its magnitude is 7.1% of 
the inverter HT voltage Ud for a simulation time step size of 1s. The error can be reduced by 
decreasing the simulation step size t for a more accurate resolution of the pulse edge transition time, 
once its occurrence has been flagged, or alternatively by means of an accurate search using the 
regula-falsi method as described in [1]. 
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Figure 35. Zero Delay & Reg.-Fal. Method

3.1. Novel theoretical estimation of PWM edge transition computation noise [18]

A measure of the computation ‘noise’, induced through inaccurate resolution of the PWM
edge transition within a simulation time step Δt, can be ascertained from the associated er‐
ror in random pulsed energy delivery by the inverter to the stator winding within Δt. Since
there is one PWM edge transition every half-switching interval TS/2 of the inverter the ex‐
pectation in the power delivery error to the stator can be obtained [18], from the error in
pulse energy dispatch during the time step interval Δt, as

2
2 2 2( ) ( ) d SE E U t T   s max sT E TP E (62)

The expected random voltage vn error associated with inaccurate resolution in PWM inver‐
ter switching during BLMD simulation is thus given by
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If the chosen simulation time step Δt is 1μs and the inverter switching parameters in [1] are
substituted into (63)-(a) the expected uncertainty vn in the inverter output voltage Vjg per
phase j can be obtained as (63)-(b)

This value of voltage uncertainty in the inverter output is not insignificant as its magnitude
is 7.1% of the inverter HT voltage Ud for a simulation time step size of 1μs. The error can be
reduced by decreasing the simulation step size Δt for a more accurate resolution of the pulse
edge transition time, once its occurrence has been flagged, or alternatively by means of an
accurate search using the regula-falsi method as described in [1].
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The statistical considerations of pulsed energy delivery by the PWM inverter in [18], arising from 
BLMD simulation with a fixed time step size, illuminates the origin of computation ‘noisiness’ and its 
subsequent manifestation as cost surface roughness as shown in Figs.35 and 36. For fixed shaft load 
inertia changes, encountered in motive power applications and electric vehicles, the use of a coarse 
quantization step size J in the inertial parameter variable about the nominal value Jm results in 
smooth generated and noise-free response surfaces as shown in Figs.1 and 2 for actual FC and shaft 
velocity target data. However for a sufficiently small step size variation in the inertia Jm  and damping 
Bm a ‘noisy’ cost surface with a proliferation of local minima results in both cases as shown in Figs 
35 and 36 for corresponding target test data. The degree of resolution of the parameter step size, that 
can be obtained and then used in an identification search strategy, depends upon the onset of cost 
surface irregularity.  
3.2 Novel Mathematical Analysis of Quadratic Curve Fitting to Noisy MSE Cost Surface [18,21] 
The accuracy of any classical identification scheme used in terms of parameter resolving capabilities 
can be gauged by fitting a quadratic [26] to the response surfaces in each test case and determining 
rms deviation of the PWM computation noise related residuals. The quadratic fit employed  
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for N steps in the indexed parameter xk as shown in Fig.37 with   
},{;)( mmmmk BJxxmkxx                  (65)  

is based on an infinitesimal step size x, in model simulation to reflect response surface roughness, 
and centred in a tolerance band mx  within indexed range m  of the nominal value mx  as  
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    Fig.35: Ifa Surface Noise with Inertia Variation       Fig.36: Ifa Surface Noise Variation with B

Figure 36. Ifa Surface Noise with Inertia Variation

The statistical considerations of pulsed energy delivery by the PWM inverter in [18], arising from 
BLMD simulation with a fixed time step size, illuminates the origin of computation ‘noisiness’ and its 
subsequent manifestation as cost surface roughness as shown in Figs.35 and 36. For fixed shaft load 
inertia changes, encountered in motive power applications and electric vehicles, the use of a coarse 
quantization step size J in the inertial parameter variable about the nominal value Jm results in 
smooth generated and noise-free response surfaces as shown in Figs.1 and 2 for actual FC and shaft 
velocity target data. However for a sufficiently small step size variation in the inertia Jm  and damping 
Bm a ‘noisy’ cost surface with a proliferation of local minima results in both cases as shown in Figs 
35 and 36 for corresponding target test data. The degree of resolution of the parameter step size, that 
can be obtained and then used in an identification search strategy, depends upon the onset of cost 
surface irregularity.  
3.2 Novel Mathematical Analysis of Quadratic Curve Fitting to Noisy MSE Cost Surface [18,21] 
The accuracy of any classical identification scheme used in terms of parameter resolving capabilities 
can be gauged by fitting a quadratic [26] to the response surfaces in each test case and determining 
rms deviation of the PWM computation noise related residuals. The quadratic fit employed  
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for N steps in the indexed parameter xk as shown in Fig.37 with   
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is based on an infinitesimal step size x, in model simulation to reflect response surface roughness, 
and centred in a tolerance band mx  within indexed range m  of the nominal value mx  as  
                 xxm m                   (66)  

for                   mmaxminmm xxxxx  .                               (67) 

The nature of the residual error  
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Figure 37. Ifa Surface Noise Variation with B

The statistical considerations of pulsed energy delivery by the PWM inverter in [18], arising
from BLMD simulation with a fixed time step size, illuminates the origin of computation
‘noisiness’ and its subsequent manifestation as cost surface roughness as shown in Figs.36
and 37. For fixed shaft load inertia changes, encountered in motive power applications and
electric vehicles, the use of a coarse quantization step size δJ in the inertial parameter varia‐
ble about the nominal value Jm results in smooth generated and noise-free response surfaces
as shown in Figs.1 and 2 for actual FC and shaft velocity target data. However for a suffi‐
ciently small step size variation in the inertia Jm and damping Bm a ‘noisy’ cost surface with a
proliferation of local minima results in both cases as shown in Figs 36 and 37 for corre‐
sponding target test data. The degree of resolution of the parameter step size, that can be
obtained and then used in an identification search strategy, depends upon the onset of cost
surface irregularity.
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3.2. Novel mathematical analysis of quadratic curve fitting to noisy mse cost surface
[18,21]

The accuracy of any classical identification scheme used in terms of parameter resolving ca‐
pabilities can be gauged by fitting a quadratic [26] to the response surfaces in each test case
and determining rms deviation of the PWM computation noise related residuals. The quad‐
ratic fit employed

2
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for N steps in the indexed parameter xk as shown in Fig.38 with
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is based on an infinitesimal step size δx, in model simulation to reflect response surface
roughness, and centred in a tolerance band ±Δxm within indexed range m of the nominal
value xm as
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The nature of the residual error
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associated with the least squares quadratic fit to the various cost functions
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for example in Figs.39 and 40 for the FC cost surface, is demonstrated by the autocorrelation
(ACR) functions
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shown in Figs.41 and 42, which are mainly of the impulse type at zero offset, indicating a

white noise-like characteristic.for example in Figs.38 and 39 for the FC cost surface, is demonstrated by the autocorrelation (ACR) 

functions                 
N
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shown in Figs.40 and 41, which are mainly of the impulse type at zero offset, indicating a white 
noise-like characteristic. 

              Table 5:   FC Cost Function )(xEIfa  and Quadratic Fit )(xQIfa
FC Target Data with reference to details in Figs.35 and 36 

Parameter varied x Jm Bm
Nominal value mx 24 kg.m100375.3  sec.Nm.rad10226.2 1-3

Parameter Step Size x 0.01% Jm 0.02% Bm
No. of Steps N 200 200 

Tolerance Index m 100 100 
0b 96.864 3.286 

1b 510373.6  310891.2 

2b 910049.1  510516.6 
Residual Error )()()( xQxExW IfaIfaIfa   illustrated in Figs.38 & 39 

Standard Deviation ̂ 410916.1  410127.1 
Mean 810309.3  910306.3 

Peak Absolute Deviation 410203.5  410355.3 

The various cost function details with accompanying quadratic fits and corresponding residuals are 
summarized in Tables 5 and 6, based on FC and shaft velocity test data respectively, for independent 
parameter variation in the BLMD shaft inertia and damping factor. The quadratic polynomials fitted 
to the noisy shaft velocity cost surface sections are displayed in Figs. 42 and 43 with coefficients 
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Fig.37: Parameter Step Size Resolution

Figure 38. Parameter Step Size Resolution

FC Target Data with reference to details in Figs.36 and 37

Parameter varied x Jm Bm

Nominal value xm 3.0375 × 10−4kg.m2 2.226 × 10−3Nm.rad-1.sec

Parameter Step Size δx 0.01% Jm 0.02% Bm

No. of Steps N 200 200

Tolerance Index m 100 100

b0 96.864 3.286

b1 − 6.373 × 105 − 2.891 × 103

b2 1.049 × 109 6.516 × 105

Residual ErrorW Ifa(x) = EIfa(x) − QIfa(x) illustrated in Figs.39 and 40

Standard Deviation σ̂ 1.916 × 10−4 1.127 × 10−4

Mean − 3.309 × 10−8 − 3.306 × 10−9

Peak Absolute Deviation 5.203 × 10−4 3.355 × 10−4

Table 5. FC Cost Function EIfa(x) and Quadratic Fit QIfa(x)
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3.2. Novel mathematical analysis of quadratic curve fitting to noisy mse cost surface
[18,21]

The accuracy of any classical identification scheme used in terms of parameter resolving ca‐
pabilities can be gauged by fitting a quadratic [26] to the response surfaces in each test case
and determining rms deviation of the PWM computation noise related residuals. The quad‐
ratic fit employed

2
0 1 2( ) ;         1k k kQ x b b x b x k N= + + £ £ (64)

for N steps in the indexed parameter xk as shown in Fig.38 with

( ) ;       { , }k m m m mx x k m x x J Bd= + - Î (65)

is based on an infinitesimal step size δx, in model simulation to reflect response surface
roughness, and centred in a tolerance band ±Δxm within indexed range m of the nominal
value xm as

 mm x xd=  (66)

for

( ) ( ) m mx x x x x = - = -min max m (67)

The nature of the residual error

( ) ( ) ( )f k f k f kW x E x Q x= - (68)

associated with the least squares quadratic fit to the various cost functions

{ , }r faf IwÎ (69)

for example in Figs.39 and 40 for the FC cost surface, is demonstrated by the autocorrelation
(ACR) functions

1
1( ) ( ) ( )Nf

W f k f k jN kj W x W x +=
Â = ×å (70)

New Generation of Electric Vehicles360

shown in Figs.41 and 42, which are mainly of the impulse type at zero offset, indicating a

white noise-like characteristic.for example in Figs.38 and 39 for the FC cost surface, is demonstrated by the autocorrelation (ACR) 

functions                 
N
k jkfkfN

f
W xWxWj 1

1 )()()(                (70) 

shown in Figs.40 and 41, which are mainly of the impulse type at zero offset, indicating a white 
noise-like characteristic. 

              Table 5:   FC Cost Function )(xEIfa  and Quadratic Fit )(xQIfa
FC Target Data with reference to details in Figs.35 and 36 

Parameter varied x Jm Bm
Nominal value mx 24 kg.m100375.3  sec.Nm.rad10226.2 1-3

Parameter Step Size x 0.01% Jm 0.02% Bm
No. of Steps N 200 200 

Tolerance Index m 100 100 
0b 96.864 3.286 

1b 510373.6  310891.2 

2b 910049.1  510516.6 
Residual Error )()()( xQxExW IfaIfaIfa   illustrated in Figs.38 & 39 

Standard Deviation ̂ 410916.1  410127.1 
Mean 810309.3  910306.3 

Peak Absolute Deviation 410203.5  410355.3 

The various cost function details with accompanying quadratic fits and corresponding residuals are 
summarized in Tables 5 and 6, based on FC and shaft velocity test data respectively, for independent 
parameter variation in the BLMD shaft inertia and damping factor. The quadratic polynomials fitted 
to the noisy shaft velocity cost surface sections are displayed in Figs. 42 and 43 with coefficients 
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Figure 38. Parameter Step Size Resolution

FC Target Data with reference to details in Figs.36 and 37

Parameter varied x Jm Bm

Nominal value xm 3.0375 × 10−4kg.m2 2.226 × 10−3Nm.rad-1.sec

Parameter Step Size δx 0.01% Jm 0.02% Bm

No. of Steps N 200 200

Tolerance Index m 100 100

b0 96.864 3.286

b1 − 6.373 × 105 − 2.891 × 103

b2 1.049 × 109 6.516 × 105

Residual ErrorW Ifa(x) = EIfa(x) − QIfa(x) illustrated in Figs.39 and 40

Standard Deviation σ̂ 1.916 × 10−4 1.127 × 10−4

Mean − 3.309 × 10−8 − 3.306 × 10−9

Peak Absolute Deviation 5.203 × 10−4 3.355 × 10−4

Table 5. FC Cost Function EIfa(x) and Quadratic Fit QIfa(x)
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The various cost function details with accompanying quadratic fits and corresponding resid‐
uals are summarized in Tables 5 and 6, based on FC and shaft velocity test data respectively,
for independent parameter variation in the BLMD shaft inertia and damping factor. The
quadratic polynomials fitted to the noisy shaft velocity cost surface sections are displayed in
Figs. 43 and 44 with coefficients given in Table 6. The corresponding cost residuals associat‐
ed with the fitted velocity profiles, which appear to be random, are shown for each of the
dynamical parameter variables in Figs. 45 and 46.

given in Table 6. The corresponding cost residuals associated with the fitted velocity profiles, which 
appear to be random, are shown for each of the dynamical parameter variables in Figs. 44 and 45. 

The white noise-like nature of the error-of-fit in the case of the shaft velocity cost surface sections is 
demonstrated by the impulse characteristic of the ACR spike functions in Figs.46 and 47. The errors-
of-fit can thus be considered as a random entity, with an ACR related noise signature, associated with 
the BLMD simulation model at very high parameter resolution for each of the observed target data 
records used in the MSE cost formulation. This manifestation is attributed to some residual 
uncertainty in the BLMD model simulation of the PWM edge transitions at the comparator o/p with 
dead time, despite the single iteration cycle of the regula-falsi search, which are magnified in the three 
phase inverter o/p before being fed to the stator winding. 
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Figure 39. Quadratic Error in J @ Bm

given in Table 6. The corresponding cost residuals associated with the fitted velocity profiles, which 
appear to be random, are shown for each of the dynamical parameter variables in Figs. 44 and 45. 

The white noise-like nature of the error-of-fit in the case of the shaft velocity cost surface sections is 
demonstrated by the impulse characteristic of the ACR spike functions in Figs.46 and 47. The errors-
of-fit can thus be considered as a random entity, with an ACR related noise signature, associated with 
the BLMD simulation model at very high parameter resolution for each of the observed target data 
records used in the MSE cost formulation. This manifestation is attributed to some residual 
uncertainty in the BLMD model simulation of the PWM edge transitions at the comparator o/p with 
dead time, despite the single iteration cycle of the regula-falsi search, which are magnified in the three 
phase inverter o/p before being fed to the stator winding. 
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Figure 40. Quadratic Error in B @ Jm
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given in Table 6. The corresponding cost residuals associated with the fitted velocity profiles, which 
appear to be random, are shown for each of the dynamical parameter variables in Figs. 44 and 45. 

The white noise-like nature of the error-of-fit in the case of the shaft velocity cost surface sections is 
demonstrated by the impulse characteristic of the ACR spike functions in Figs.46 and 47. The errors-
of-fit can thus be considered as a random entity, with an ACR related noise signature, associated with 
the BLMD simulation model at very high parameter resolution for each of the observed target data 
records used in the MSE cost formulation. This manifestation is attributed to some residual 
uncertainty in the BLMD model simulation of the PWM edge transitions at the comparator o/p with 
dead time, despite the single iteration cycle of the regula-falsi search, which are magnified in the three 
phase inverter o/p before being fed to the stator winding. 
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Figure 41. Error Autocorrelation in J @ Bm

given in Table 6. The corresponding cost residuals associated with the fitted velocity profiles, which 
appear to be random, are shown for each of the dynamical parameter variables in Figs. 44 and 45. 

The white noise-like nature of the error-of-fit in the case of the shaft velocity cost surface sections is 
demonstrated by the impulse characteristic of the ACR spike functions in Figs.46 and 47. The errors-
of-fit can thus be considered as a random entity, with an ACR related noise signature, associated with 
the BLMD simulation model at very high parameter resolution for each of the observed target data 
records used in the MSE cost formulation. This manifestation is attributed to some residual 
uncertainty in the BLMD model simulation of the PWM edge transitions at the comparator o/p with 
dead time, despite the single iteration cycle of the regula-falsi search, which are magnified in the three 
phase inverter o/p before being fed to the stator winding. 
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Figure 42. Error Autocorrelation in B @ Jm

The white noise-like nature of the error-of-fit in the case of the shaft velocity cost surface sec‐
tions is demonstrated by the impulse characteristic of the ACR spike functions in Figs.47
and 48. The errors-of-fit can thus be considered as a random entity, with an ACR related
noise signature, associated with the BLMD simulation model at very high parameter resolu‐
tion for each of the observed target data records used in the MSE cost formulation. This
manifestation is attributed to some residual uncertainty in the BLMD model simulation of
the PWM edge transitions at the comparator o/p with dead time, despite the single iteration
cycle of the regula-falsi search, which are magnified in the three phase inverter o/p before
being fed to the stator winding.
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The various cost function details with accompanying quadratic fits and corresponding resid‐
uals are summarized in Tables 5 and 6, based on FC and shaft velocity test data respectively,
for independent parameter variation in the BLMD shaft inertia and damping factor. The
quadratic polynomials fitted to the noisy shaft velocity cost surface sections are displayed in
Figs. 43 and 44 with coefficients given in Table 6. The corresponding cost residuals associat‐
ed with the fitted velocity profiles, which appear to be random, are shown for each of the
dynamical parameter variables in Figs. 45 and 46.

given in Table 6. The corresponding cost residuals associated with the fitted velocity profiles, which 
appear to be random, are shown for each of the dynamical parameter variables in Figs. 44 and 45. 

The white noise-like nature of the error-of-fit in the case of the shaft velocity cost surface sections is 
demonstrated by the impulse characteristic of the ACR spike functions in Figs.46 and 47. The errors-
of-fit can thus be considered as a random entity, with an ACR related noise signature, associated with 
the BLMD simulation model at very high parameter resolution for each of the observed target data 
records used in the MSE cost formulation. This manifestation is attributed to some residual 
uncertainty in the BLMD model simulation of the PWM edge transitions at the comparator o/p with 
dead time, despite the single iteration cycle of the regula-falsi search, which are magnified in the three 
phase inverter o/p before being fed to the stator winding. 
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Figure 39. Quadratic Error in J @ Bm

given in Table 6. The corresponding cost residuals associated with the fitted velocity profiles, which 
appear to be random, are shown for each of the dynamical parameter variables in Figs. 44 and 45. 

The white noise-like nature of the error-of-fit in the case of the shaft velocity cost surface sections is 
demonstrated by the impulse characteristic of the ACR spike functions in Figs.46 and 47. The errors-
of-fit can thus be considered as a random entity, with an ACR related noise signature, associated with 
the BLMD simulation model at very high parameter resolution for each of the observed target data 
records used in the MSE cost formulation. This manifestation is attributed to some residual 
uncertainty in the BLMD model simulation of the PWM edge transitions at the comparator o/p with 
dead time, despite the single iteration cycle of the regula-falsi search, which are magnified in the three 
phase inverter o/p before being fed to the stator winding. 
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Figure 40. Quadratic Error in B @ Jm
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given in Table 6. The corresponding cost residuals associated with the fitted velocity profiles, which 
appear to be random, are shown for each of the dynamical parameter variables in Figs. 44 and 45. 

The white noise-like nature of the error-of-fit in the case of the shaft velocity cost surface sections is 
demonstrated by the impulse characteristic of the ACR spike functions in Figs.46 and 47. The errors-
of-fit can thus be considered as a random entity, with an ACR related noise signature, associated with 
the BLMD simulation model at very high parameter resolution for each of the observed target data 
records used in the MSE cost formulation. This manifestation is attributed to some residual 
uncertainty in the BLMD model simulation of the PWM edge transitions at the comparator o/p with 
dead time, despite the single iteration cycle of the regula-falsi search, which are magnified in the three 
phase inverter o/p before being fed to the stator winding. 
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Figure 41. Error Autocorrelation in J @ Bm

given in Table 6. The corresponding cost residuals associated with the fitted velocity profiles, which 
appear to be random, are shown for each of the dynamical parameter variables in Figs. 44 and 45. 

The white noise-like nature of the error-of-fit in the case of the shaft velocity cost surface sections is 
demonstrated by the impulse characteristic of the ACR spike functions in Figs.46 and 47. The errors-
of-fit can thus be considered as a random entity, with an ACR related noise signature, associated with 
the BLMD simulation model at very high parameter resolution for each of the observed target data 
records used in the MSE cost formulation. This manifestation is attributed to some residual 
uncertainty in the BLMD model simulation of the PWM edge transitions at the comparator o/p with 
dead time, despite the single iteration cycle of the regula-falsi search, which are magnified in the three 
phase inverter o/p before being fed to the stator winding. 
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Figure 42. Error Autocorrelation in B @ Jm

The white noise-like nature of the error-of-fit in the case of the shaft velocity cost surface sec‐
tions is demonstrated by the impulse characteristic of the ACR spike functions in Figs.47
and 48. The errors-of-fit can thus be considered as a random entity, with an ACR related
noise signature, associated with the BLMD simulation model at very high parameter resolu‐
tion for each of the observed target data records used in the MSE cost formulation. This
manifestation is attributed to some residual uncertainty in the BLMD model simulation of
the PWM edge transitions at the comparator o/p with dead time, despite the single iteration
cycle of the regula-falsi search, which are magnified in the three phase inverter o/p before
being fed to the stator winding.
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Shaft Velocity Target Data with reference to details in Figs.43 and 44

Parameter varied x Jm Bm

Nominal value xm 3.0375 × 10−4kg.m2 2.14 × 10−3Nm.rad-1.sec

Parmeter Step Size δx 0.01% Jm 0.02% Bm

No. of Steps N 370 600

Tolerance Index m 100 100

b0 1.698 0.157

b1 − 1.079 × 104 − 1.098 × 102

b2 1.747 × 107 2.465 × 104

Residual Error Wω(x) = Eω(x) − Qω(x) illustrated in Figs 45 and 46

Standard Deviation σ̂ 1.028 × 10−5 8.974 × 10−4

Mean 6.982 × 10−10 − 1.415 × 10−11

Peak Absolute Deviation 3.476 × 10−5 2.871 × 10−5

Table 6. Shaft Velocity Cost Function Eω(x) and Quadratic Fit Qω(x)

Table 6:   Shaft Velocity Cost Function )(xE  and Quadratic Fit )(xQ
Shaft Velocity Target Data with reference to details in Figs. 42 and 43 

Parameter varied  x Jm Bm
Nominal value    mx 24 kg.m100375.3  sec.Nm.rad1014.2 1-3
Parmeter Step Size x 0.01% Jm 0.02% Bm

No. of Steps N 370 600 
Tolerance Index m 100 100 

0b 1.698 0.157 

1b 410079.1  210098.1 

2b 710747.1  410465.2 
Residual Error )()()( xQxExW   illustrated in Figs. 44 & 45 

Standard Deviation ̂ 510028.1  410974.8 

Mean 1010982.6  1110415.1 

Peak Absolute Deviation 510476.3  510871.2 

The effect of lowering the drive model simulation time step t, as shown in Figs 48 and 49 for very 
small parameter variation in the vicinity of the global singularity, translates into a reduction of the 
MSE as well as gradual removal of response surface roughness. This tangible decrease in surface 
roughness with time step size, evident form Fig.50, is measured in terms of the standard deviation of 
the residual errors associated with various quadratic polynomials fitted to each of the FC cost 
sections. However the computational effort in terms of CPU time increases in proportion with the 
decrease in time step size for a given simulation trace length. The requirement for surface noise 
reduction with the elimination of false local minima plurality has to be balanced with a tradeoff in 
simulation run time in an attempt to reduce computation costs where BLMD model tractability is an 
issue in parameter identification and as a simulator in practical applications for performance related 
prediction of proposed embedded drive systems. A Taylor series expansion of the quadratic fit about 
the parabolic vertex optx  as  
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Figure 43. Velocity Cost Noise Variation with J

The effect of lowering the drive model simulation time step Δt, as shown in Figs. 49 and 50
for very small parameter variation in the vicinity of the global singularity, translates into a
reduction of the MSE as well as gradual removal of response surface roughness. This tangi‐
ble decrease in surface roughness with time step size, evident form Fig.51, is measured in
terms of the standard deviation of the residual errors associated with various quadratic pol‐
ynomials fitted to each of the FC cost sections. However the computational effort in terms of
CPU time increases in proportion with the decrease in time step size for a given simulation
trace length. The requirement for surface noise reduction with the elimination of false local
minima plurality has to be balanced with a tradeoff in simulation run time in an attempt to
reduce computation costs where BLMD model tractability is an issue in parameter identifi‐
cation and as a simulator in practical applications for performance related prediction of pro‐
posed embedded drive systems. A Taylor series expansion of the quadratic fit about the
parabolic vertex xopt  as
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can now be used to check the limit of parameter resolution and the “radius” of convergence
for worst case conditions [19].
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can now be used to check the limit of parameter resolution and the “radius” of convergence for worst 
case conditions [19]. 

       

At best the smallest parameter threshold step size required in simulation to overcome response surface 

noise, with rms sample estimate ̂ , is determined from that value s
kx  near the global minimum as in 

Fig.37 such that 
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Figure 45. Quadratic Error in J @ Bm

Table 6:   Shaft Velocity Cost Function )(xE  and Quadratic Fit )(xQ
Shaft Velocity Target Data with reference to details in Figs. 42 and 43 

Parameter varied  x Jm Bm
Nominal value    mx 24 kg.m100375.3 - sec.Nm.rad1014.2 1-3-
Parmeter Step Size x 0.01% Jm 0.02% Bm

No. of Steps N 370 600 
Tolerance Index m 100 100 

0b 1.698 0.157 

1b 410079.1 - 210098.1 -

2b 710747.1  410465.2 
Residual Error )()()( xQxExW  -= illustrated in Figs. 44 & 45 

Standard Deviation ̂ 510028.1 - 410974.8 -

Mean 1010982.6 - 1110415.1 --

Peak Absolute Deviation 510476.3 - 510871.2 -

The effect of lowering the drive model simulation time step t, as shown in Figs 48 and 49 for very 
small parameter variation in the vicinity of the global singularity, translates into a reduction of the 
MSE as well as gradual removal of response surface roughness. This tangible decrease in surface 
roughness with time step size, evident form Fig.50, is measured in terms of the standard deviation of 
the residual errors associated with various quadratic polynomials fitted to each of the FC cost 
sections. However the computational effort in terms of CPU time increases in proportion with the 
decrease in time step size for a given simulation trace length. The requirement for surface noise 
reduction with the elimination of false local minima plurality has to be balanced with a tradeoff in 
simulation run time in an attempt to reduce computation costs where BLMD model tractability is an 
issue in parameter identification and as a simulator in practical applications for performance related 
prediction of proposed embedded drive systems. A Taylor series expansion of the quadratic fit about 
the parabolic vertex optx  as  
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Figure 44. Shaft Vel. Surface Noise with B Variation
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Shaft Velocity Target Data with reference to details in Figs.43 and 44

Parameter varied x Jm Bm

Nominal value xm 3.0375 × 10−4kg.m2 2.14 × 10−3Nm.rad-1.sec

Parmeter Step Size δx 0.01% Jm 0.02% Bm

No. of Steps N 370 600

Tolerance Index m 100 100

b0 1.698 0.157

b1 − 1.079 × 104 − 1.098 × 102

b2 1.747 × 107 2.465 × 104

Residual Error Wω(x) = Eω(x) − Qω(x) illustrated in Figs 45 and 46

Standard Deviation σ̂ 1.028 × 10−5 8.974 × 10−4

Mean 6.982 × 10−10 − 1.415 × 10−11

Peak Absolute Deviation 3.476 × 10−5 2.871 × 10−5

Table 6. Shaft Velocity Cost Function Eω(x) and Quadratic Fit Qω(x)

Table 6:   Shaft Velocity Cost Function )(xE  and Quadratic Fit )(xQ
Shaft Velocity Target Data with reference to details in Figs. 42 and 43 

Parameter varied  x Jm Bm
Nominal value    mx 24 kg.m100375.3  sec.Nm.rad1014.2 1-3
Parmeter Step Size x 0.01% Jm 0.02% Bm

No. of Steps N 370 600 
Tolerance Index m 100 100 

0b 1.698 0.157 

1b 410079.1  210098.1 

2b 710747.1  410465.2 
Residual Error )()()( xQxExW   illustrated in Figs. 44 & 45 

Standard Deviation ̂ 510028.1  410974.8 

Mean 1010982.6  1110415.1 

Peak Absolute Deviation 510476.3  510871.2 

The effect of lowering the drive model simulation time step t, as shown in Figs 48 and 49 for very 
small parameter variation in the vicinity of the global singularity, translates into a reduction of the 
MSE as well as gradual removal of response surface roughness. This tangible decrease in surface 
roughness with time step size, evident form Fig.50, is measured in terms of the standard deviation of 
the residual errors associated with various quadratic polynomials fitted to each of the FC cost 
sections. However the computational effort in terms of CPU time increases in proportion with the 
decrease in time step size for a given simulation trace length. The requirement for surface noise 
reduction with the elimination of false local minima plurality has to be balanced with a tradeoff in 
simulation run time in an attempt to reduce computation costs where BLMD model tractability is an 
issue in parameter identification and as a simulator in practical applications for performance related 
prediction of proposed embedded drive systems. A Taylor series expansion of the quadratic fit about 
the parabolic vertex optx  as  
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Figure 43. Velocity Cost Noise Variation with J

The effect of lowering the drive model simulation time step Δt, as shown in Figs. 49 and 50
for very small parameter variation in the vicinity of the global singularity, translates into a
reduction of the MSE as well as gradual removal of response surface roughness. This tangi‐
ble decrease in surface roughness with time step size, evident form Fig.51, is measured in
terms of the standard deviation of the residual errors associated with various quadratic pol‐
ynomials fitted to each of the FC cost sections. However the computational effort in terms of
CPU time increases in proportion with the decrease in time step size for a given simulation
trace length. The requirement for surface noise reduction with the elimination of false local
minima plurality has to be balanced with a tradeoff in simulation run time in an attempt to
reduce computation costs where BLMD model tractability is an issue in parameter identifi‐
cation and as a simulator in practical applications for performance related prediction of pro‐
posed embedded drive systems. A Taylor series expansion of the quadratic fit about the
parabolic vertex xopt  as

New Generation of Electric Vehicles364

2
2( ) ( ) ( )f f opt optQ x Q x b x x= + - (71)

with gradient

1 22 0f

opt

Q
optx

x
b b x

¶

¶ = + = (72)

can now be used to check the limit of parameter resolution and the “radius” of convergence
for worst case conditions [19].
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can now be used to check the limit of parameter resolution and the “radius” of convergence for worst 
case conditions [19]. 

       

At best the smallest parameter threshold step size required in simulation to overcome response surface 

noise, with rms sample estimate ̂ , is determined from that value s
kx  near the global minimum as in 

Fig.37 such that 

0 74 148 222 296 370
-3.03

-1.73

-0.428

0.874

2.17

3.48 10-5

Residual Error W(Jk) for Quadratic Fit Q(Jk) with
Shaft Velocity Cost Surface Cross Section in J @ Bm

W(Jk)

Jm

Jk = Jm +(k-m)J

Jm =3.0375e-4 kg.m-2

Bm =2.226e-3 Nm/rad/s

0 120 240 360 480 600
-2.87

-1.83

-0.791

0.249

1.29

2.33 10-5

Residual Error W(Bk) for Quadratic Fit Q(Bk) with
Shaft Velocity Cost Surface Cross Section in B @ Jm

W(Bk)

Bm

Bk = Bm +(k-m)B

Jm =3.0375e-4 kg.m-2

Bm =2.226e-3 Nm/rad/s

         Fig.44: Quadratic Error in J @ Bm                    Fig.45: Quadratic Error in B @ Jm

0 148 296 444 592 740
-1.03

0.235

1.5

2.76

4.02

5.29 10-11

Residual Error Autocorrelation (j) for Shaft
Velocity Cost Surface Cross Section in J @ Bm

(j)
Jm =3.0375e-4 kg.m-2

Bm =2.226e-3 Nm/rad/s

j

ACR Peak
(0)

-370 -222 -74 74 222 370
0 240 480 720 960 1200

-0.677

0.264

1.2

2.15

3.09

4.03 10-11

Residual Error Autocorrelation (j) for Shaft
Velocity Cost Surface Cross Section in B @ Jm

(j)
Jm =3.0375e-4 kg.m-2

Bm =2.226e-3 Nm/rad/s

j

ACR Peak
(0)

-600 -360 -120 120 360 600

      Fig.46: Error Autocorrelation in J @ Bm            Fig.47: Error Autocorrelation in B @ Jm

Figure 45. Quadratic Error in J @ Bm

Table 6:   Shaft Velocity Cost Function )(xE  and Quadratic Fit )(xQ
Shaft Velocity Target Data with reference to details in Figs. 42 and 43 

Parameter varied  x Jm Bm
Nominal value    mx 24 kg.m100375.3 - sec.Nm.rad1014.2 1-3-
Parmeter Step Size x 0.01% Jm 0.02% Bm

No. of Steps N 370 600 
Tolerance Index m 100 100 

0b 1.698 0.157 

1b 410079.1 - 210098.1 -

2b 710747.1  410465.2 
Residual Error )()()( xQxExW  -= illustrated in Figs. 44 & 45 

Standard Deviation ̂ 510028.1 - 410974.8 -

Mean 1010982.6 - 1110415.1 --

Peak Absolute Deviation 510476.3 - 510871.2 -

The effect of lowering the drive model simulation time step t, as shown in Figs 48 and 49 for very 
small parameter variation in the vicinity of the global singularity, translates into a reduction of the 
MSE as well as gradual removal of response surface roughness. This tangible decrease in surface 
roughness with time step size, evident form Fig.50, is measured in terms of the standard deviation of 
the residual errors associated with various quadratic polynomials fitted to each of the FC cost 
sections. However the computational effort in terms of CPU time increases in proportion with the 
decrease in time step size for a given simulation trace length. The requirement for surface noise 
reduction with the elimination of false local minima plurality has to be balanced with a tradeoff in 
simulation run time in an attempt to reduce computation costs where BLMD model tractability is an 
issue in parameter identification and as a simulator in practical applications for performance related 
prediction of proposed embedded drive systems. A Taylor series expansion of the quadratic fit about 
the parabolic vertex optx  as  
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Figure 44. Shaft Vel. Surface Noise with B Variation
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can now be used to check the limit of parameter resolution and the “radius” of convergence for worst 
case conditions [19]. 

       

At best the smallest parameter threshold step size required in simulation to overcome response surface 

noise, with rms sample estimate ̂ , is determined from that value s
kx  near the global minimum as in 

Fig.37 such that 
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Figure 46. Quadratic Error in B @ Jm
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can now be used to check the limit of parameter resolution and the “radius” of convergence for worst 
case conditions [19]. 

       

At best the smallest parameter threshold step size required in simulation to overcome response surface 

noise, with rms sample estimate ̂ , is determined from that value s
kx  near the global minimum as in 

Fig.37 such that 
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can now be used to check the limit of parameter resolution and the “radius” of convergence for worst 
case conditions [19]. 

       

At best the smallest parameter threshold step size required in simulation to overcome response surface 

noise, with rms sample estimate ̂ , is determined from that value s
kx  near the global minimum as in 

Fig.37 such that 

0 74 148 222 296 370
-3.03

-1.73

-0.428

0.874

2.17

3.48 10-5

Residual Error W(Jk) for Quadratic Fit Q(Jk) with
Shaft Velocity Cost Surface Cross Section in J @ Bm

W(Jk)

Jm

Jk = Jm +(k-m)J

Jm =3.0375e-4 kg.m-2

Bm =2.226e-3 Nm/rad/s

0 120 240 360 480 600
-2.87

-1.83

-0.791

0.249

1.29

2.33 10-5

Residual Error W(Bk) for Quadratic Fit Q(Bk) with
Shaft Velocity Cost Surface Cross Section in B @ Jm

W(Bk)

Bm

Bk = Bm +(k-m)B

Jm =3.0375e-4 kg.m-2

Bm =2.226e-3 Nm/rad/s

         Fig.44: Quadratic Error in J @ Bm                    Fig.45: Quadratic Error in B @ Jm

0 148 296 444 592 740
-1.03

0.235

1.5

2.76

4.02

5.29 10-11

Residual Error Autocorrelation (j) for Shaft
Velocity Cost Surface Cross Section in J @ Bm

(j)
Jm =3.0375e-4 kg.m-2

Bm =2.226e-3 Nm/rad/s

j

ACR Peak
(0)

-370 -222 -74 74 222 370
0 240 480 720 960 1200

-0.677

0.264

1.2

2.15

3.09

4.03 10-11

Residual Error Autocorrelation (j) for Shaft
Velocity Cost Surface Cross Section in B @ Jm

(j)
Jm =3.0375e-4 kg.m-2

Bm =2.226e-3 Nm/rad/s

j

ACR Peak
(0)

-600 -360 -120 120 360 600

      Fig.46: Error Autocorrelation in J @ Bm            Fig.47: Error Autocorrelation in B @ Jm
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At best the smallest parameter threshold step size required in simulation to overcome re‐

sponse surface noise, with rms sample estimate σ̂, is determined from that value xk
s near the

global minimum as in Fig.38 such that
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3.2.1 Parameter Quantization and Radius of Convergence Estimation for System Identification 
The largest threshold step size estimate can be determined by applying Chebyshev’s theorem for 
statistical measurements [32] to the response surface noise sample [19, 26]. This theorem indicates 
that at least the fraction )1(1 2h-  of all the residuals 

kfW  in any sample lie within h standard 

deviations of the mean ̂  with probability  
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3.2.1 Parameter Quantization and Radius of Convergence Estimation for System Identification 
The largest threshold step size estimate can be determined by applying Chebyshev’s theorem for 
statistical measurements [32] to the response surface noise sample [19, 26]. This theorem indicates 
that at least the fraction )1(1 2h-  of all the residuals 

kfW  in any sample lie within h standard 

deviations of the mean ̂  with probability  
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can now be used to check the limit of parameter resolution and the “radius” of convergence for worst 
case conditions [19]. 

       

At best the smallest parameter threshold step size required in simulation to overcome response surface 

noise, with rms sample estimate ̂ , is determined from that value s
kx  near the global minimum as in 

Fig.37 such that 
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can now be used to check the limit of parameter resolution and the “radius” of convergence for worst 
case conditions [19]. 
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can now be used to check the limit of parameter resolution and the “radius” of convergence for worst 
case conditions [19]. 
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At best the smallest parameter threshold step size required in simulation to overcome re‐

sponse surface noise, with rms sample estimate σ̂, is determined from that value xk
s near the

global minimum as in Fig.38 such that
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3.2.1 Parameter Quantization and Radius of Convergence Estimation for System Identification 
The largest threshold step size estimate can be determined by applying Chebyshev’s theorem for 
statistical measurements [32] to the response surface noise sample [19, 26]. This theorem indicates 
that at least the fraction )1(1 2h-  of all the residuals 

kfW  in any sample lie within h standard 

deviations of the mean ̂  with probability  
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3.2.1 Parameter Quantization and Radius of Convergence Estimation for System Identification 
The largest threshold step size estimate can be determined by applying Chebyshev’s theorem for 
statistical measurements [32] to the response surface noise sample [19, 26]. This theorem indicates 
that at least the fraction )1(1 2h-  of all the residuals 

kfW  in any sample lie within h standard 

deviations of the mean ̂  with probability  

0 5 1 0 1 5 20
0

2 .0

10 -4

4 .0

6 .0

8 .0

1 0 .0

1 2 .0

M SE C ost Variation  w ith
B LM D  M odel S im ulation  Tim e S tep S ize  t

E Ifa Varia tion  with B  @  Jm

B m  =  2 .22 6x10 -3

         N m/rad /sec
J m  = 3 .0 37 5x10 -4k g.m -2

B  =  0 .02 %  B m

B j = B m in  + jB

 t = 2 s 1
          t =1.5 s

 t = 1 s 1

0 5 10 15 2
0

0 .5

1 .0

1 .5

2 10 -4

M SE Cost Varia tion with
BLM D M odel Sim ulation Tim e Step  Size   t

E Ifa Varia tion  with B  @  Jm
B m  = 2 .226x10 -3 Nm/rad /sec

J m  = 3 .0375x10 -4kg.m -2

B  = 0 .02%  B m

B j = B min  + jB

       t = 0 .75s
            t = 0.5s
          t = 0 .25s

             Fig.48: Error of Fit Vs Time Step                                Fig.49: Error of Fit Vs Time Step 

0 0.5 1 1.5 2
0

5

1

1.5

2

2.5

Variation of the Standard Deviation Error of
Quadratic Fit with BLMD Simulation Time Step t

Ifa Cost Surface Simulation
Bm = 2.226x10-3 Nm/rad/sec

Jm = 3.0375x10-4kg.m-2

B = 0.02% Bm
Tolerance Bm =0.2% Bm

sec

s

Step Size t in s

10-4

Fig.50: Error Variation with Time Step 
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3.2.1 Parameter Quantization and Radius of Convergence Estimation for System Identification 
The largest threshold step size estimate can be determined by applying Chebyshev’s theorem for 
statistical measurements [32] to the response surface noise sample [19, 26]. This theorem indicates 
that at least the fraction )1(1 2h  of all the residuals 

kfW  in any sample lie within h standard 

deviations of the mean ̂  with probability  
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Figure 51. Error Variation with Time Step

3.2.1. Parameter quantization and radius of convergence estimation for system identification

The largest threshold step size estimate can be determined by applying Chebyshev’s theo‐
rem for statistical measurements [32] to the response surface noise sample [19, 26]. This the‐
orem indicates that at least the fraction 1− (1 / h 2) of all the residuals W f k

 in any sample lie

within h standard deviations of the mean μ̂ with probability

{ } 2ˆ ˆ ˆ ˆ( ) ( ) ( ) 1 (1 )f kh W x h h    £ £ +  Prob (74)

and for h = 4, which exceeds the tabulated peak absolute deviation in all cases in Tables 5
and 6, is 94%. Thus a measure of the worst case parameter resolution is provided by the in‐
equality

2
2 ˆ( ) ( ) ( ) 4L L L

f f k f opt k optQ Q x Q x b x x       (75)

for some large xk
L  via the quadratic minimiser

1 22optx b b  (76)

in (72) as

2

ˆ4L
k opt bx x  ± (77)
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The parameter resolution limit in terms of quantization step size δx necessary to overcome
cost surface noisiness and local minimum trapping in BLMD parameter identification,
which is also a measure of the convergence radius rx about the global minimizer in Fig.38, is

given by

δ
2

ˆ4L
x bx r s= = (78)

Parameter varied x Jm Bm

Minimizer xopt 3.038 × 10−4kg.m2 2.219 × 10−3Nm.rad-1.sec

Minimizer Offset (m−kopt) −0.243 16.199

Threshold Locations kL 72 & 129 24 & 143

Worst Relative Step Size δx L

xm
0.281% 1.182%

Table 7. Quantized Step Sizes for FC Cost Function in Figs. 36 & 37

If measurements are referenced to the nominal value xm at the centre of the parameter toler‐

ance range the relative step sizes

δ ( )L L
mx k m xd= - (79)

of which there are two pending the sign of the quadratic surd in (77), must be corrected by
allowance for the global minimum offset

δ( )m opt optx x m k x- = - (80)

Parameter varied x Jm Bm

Minimizer xopt 3.007 × 10−4kg.m2 2.097 × 10−3Nm.rad-1.sec

Minimizer Offset (m−kopt) -161.146 -201.448

Threshold Locations kL 210 & 312 212 & 391

Worst Relative Step Size δx L

xm
0.505% 1.783%

Table 8. Quantized Step Sizes for Shaft Velocity Cost Function in Figs.43 & 44
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3.2.1 Parameter Quantization and Radius of Convergence Estimation for System Identification 
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3.2.1. Parameter quantization and radius of convergence estimation for system identification

The largest threshold step size estimate can be determined by applying Chebyshev’s theo‐
rem for statistical measurements [32] to the response surface noise sample [19, 26]. This the‐
orem indicates that at least the fraction 1− (1 / h 2) of all the residuals W f k

 in any sample lie

within h standard deviations of the mean μ̂ with probability

{ } 2ˆ ˆ ˆ ˆ( ) ( ) ( ) 1 (1 )f kh W x h h    £ £ +  Prob (74)

and for h = 4, which exceeds the tabulated peak absolute deviation in all cases in Tables 5
and 6, is 94%. Thus a measure of the worst case parameter resolution is provided by the in‐
equality

2
2 ˆ( ) ( ) ( ) 4L L L

f f k f opt k optQ Q x Q x b x x       (75)

for some large xk
L  via the quadratic minimiser

1 22optx b b  (76)

in (72) as

2

ˆ4L
k opt bx x  ± (77)
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The parameter resolution limit in terms of quantization step size δx necessary to overcome
cost surface noisiness and local minimum trapping in BLMD parameter identification,
which is also a measure of the convergence radius rx about the global minimizer in Fig.38, is

given by

δ
2

ˆ4L
x bx r s= = (78)

Parameter varied x Jm Bm

Minimizer xopt 3.038 × 10−4kg.m2 2.219 × 10−3Nm.rad-1.sec

Minimizer Offset (m−kopt) −0.243 16.199

Threshold Locations kL 72 & 129 24 & 143

Worst Relative Step Size δx L

xm
0.281% 1.182%

Table 7. Quantized Step Sizes for FC Cost Function in Figs. 36 & 37

If measurements are referenced to the nominal value xm at the centre of the parameter toler‐

ance range the relative step sizes

δ ( )L L
mx k m xd= - (79)

of which there are two pending the sign of the quadratic surd in (77), must be corrected by
allowance for the global minimum offset

δ( )m opt optx x m k x- = - (80)

Parameter varied x Jm Bm

Minimizer xopt 3.007 × 10−4kg.m2 2.097 × 10−3Nm.rad-1.sec

Minimizer Offset (m−kopt) -161.146 -201.448

Threshold Locations kL 210 & 312 212 & 391

Worst Relative Step Size δx L

xm
0.505% 1.783%

Table 8. Quantized Step Sizes for Shaft Velocity Cost Function in Figs.43 & 44
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The dynamical parameter threshold step sizes δxL, which are by default the convergence
radii measures for reliable global parameter estimation, are tabulated for the response sur‐
face cross sections in Tables 7 and 8. The resolution of the motor shaft inertia from the tabu‐
lated step sizes, which is the most likely to vary and more essential to identify in high
performance applications, is higher when the FC cost function is used instead of the shaft
velocity equivalent. Convergence of the inertia parameter estimates to the global minimum
is enhanced in the former case with a lower uncertainty due to the smaller step size. The de‐
gree of selectivity of the fitted response surfaces with respect to the parameter variability
[31] given by

x
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in the vicinity of the global minimum xopt. This measure can then be usefully employed as a
performance index to decide on the best target test data available to use in a motor parame‐
ter identification strategy. The sensitivities for 2% parameter variability, greater than the
largest threshold step size encountered, of the various fitted surfaces are summarized in Ta‐
ble 9. These sensitivity considerations indicate the suitability of FC test data in the objective
function formulation for accuracy in parameter identification.

Parameter varied x Jm Bm

FC Response Surface Sensitivities Figs.36 and 37

Sensitivity 28.88 0.82

Shaft Velocity Response Surface Sensitivities Figs.43 and 44

Sensitivity 0.98 0.07

Table 9. Response Surface Sensitivity

The above method of parameter quantization, employed to surmount cost surface noise and
resultant avoidance of local minimum capture during system identification, reduces the
search time in parameter space to global optimality. This is due to the reduction of N-Di‐
mensional parameter space into a finite sized hypercube of countable lattice points NC to be
searched, within the imposed parameter tolerance bounds ±Δxm, using an interstitial ‘dis‐
tance’ equivalent to the step size variability in Tables 7 and 8 as
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higher when the FC cost function is used instead of the shaft velocity equivalent. Convergence of the 
inertia parameter estimates to the global minimum is enhanced in the former case with a lower 
uncertainty due to the smaller step size. The degree of selectivity of the fitted response surfaces with 
respect to the parameter variability [31] given by  
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Figure 52. Simulated Ifa Cost Surface
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sensitivity considerations indicate the suitability of FC test data in the objective function formulation 
for accuracy in parameter identification. 

Table 9  Response Surface Sensitivity
Parameter varied  x Jm Bm

FC Response Surface Sensitivities  Figs.35 and 36 
Sensitivity  28.88 0.82 

Shaft Velocity Response Surface Sensitivities  Figs.42 and 43 
Sensitivity 0.98 0.07 

The above method of parameter quantization, employed to surmount cost surface noise and 
resultant avoidance of local minimum capture during system identification, reduces the search time in 
parameter space to global optimality. This is due to the reduction of N-Dimensional parameter space 
into a finite sized hypercube of countable lattice points NC to be searched, within the imposed 
parameter tolerance bounds mx , using an interstitial ‘distance’ equivalent to the step size 
variability in Tables 7 and 8 as   














Õ






L
m

L
m

L
j

j
m

B
B

J
JN

j x
xN

CN
ddd

2

1
22                 (83) 

      

10
20

30

0

10

20
30

0

0.1

0.2

0.3

B

J

kdJm

jdBm

MSE

Simulated Ifa Cost Surface with Worst Case
Quantized Parameter Step Size as per Table 4.7

B =Bmin +jdBm

Jm =3.0375e-4 kg.m-2

Bm =2.226e-3 Nm/rad/s
Jmin = 95.779%Jm
Bmin = 82.27%Bm

J =Jmin +kdJm

dJm = 0.2814%Jm

dBm = 1.182%Bm

0
10

20
30

0

10

20

30

0

0.01

0.02

0.03

B

J

kdJm

jdBm

MSE

Simulated Shaft Velocity Cost Surface with Worst Case
Quantized Parameter Step Size as per Table 4.8

B =Bmin +jdBm

J =Jmin +kdJm

Jmin = 92.425%Jm
Bmin = 73.255%Bm

dJm = 0.505%Jm

dBm = 1.783%Bm

Jm =3.0375e-4 kg.m-2

Bm =2.14e-3 Nm/rad/s

            Fig.51: Simulated Ifa Cost Surface                Fig.52: Simulated Shaft Velocity Cost Surface

Figure 53. Simulated Shaft Velocity Cost Surface

The application of the tabulated parameter threshold sizes δxL in the objective function sim‐
ulation results in smooth noise-free response surfaces in the stationary region enclosing the
global minimum as displayed in Figs.52 and 53. The degree of accuracy achieved by param‐
eter quantization, with restricted step size during dynamical system identification, in acquir‐
ing the global extremum Xopt is determined from the critical values in Tables 7 and 8 as the
estimate

L
opt opt d= ±X X X (84)
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The dynamical parameter threshold step sizes δxL, which are by default the convergence
radii measures for reliable global parameter estimation, are tabulated for the response sur‐
face cross sections in Tables 7 and 8. The resolution of the motor shaft inertia from the tabu‐
lated step sizes, which is the most likely to vary and more essential to identify in high
performance applications, is higher when the FC cost function is used instead of the shaft
velocity equivalent. Convergence of the inertia parameter estimates to the global minimum
is enhanced in the former case with a lower uncertainty due to the smaller step size. The de‐
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in the vicinity of the global minimum xopt. This measure can then be usefully employed as a
performance index to decide on the best target test data available to use in a motor parame‐
ter identification strategy. The sensitivities for 2% parameter variability, greater than the
largest threshold step size encountered, of the various fitted surfaces are summarized in Ta‐
ble 9. These sensitivity considerations indicate the suitability of FC test data in the objective
function formulation for accuracy in parameter identification.

Parameter varied x Jm Bm

FC Response Surface Sensitivities Figs.36 and 37

Sensitivity 28.88 0.82

Shaft Velocity Response Surface Sensitivities Figs.43 and 44

Sensitivity 0.98 0.07

Table 9. Response Surface Sensitivity

The above method of parameter quantization, employed to surmount cost surface noise and
resultant avoidance of local minimum capture during system identification, reduces the
search time in parameter space to global optimality. This is due to the reduction of N-Di‐
mensional parameter space into a finite sized hypercube of countable lattice points NC to be
searched, within the imposed parameter tolerance bounds ±Δxm, using an interstitial ‘dis‐
tance’ equivalent to the step size variability in Tables 7 and 8 as
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higher when the FC cost function is used instead of the shaft velocity equivalent. Convergence of the 
inertia parameter estimates to the global minimum is enhanced in the former case with a lower 
uncertainty due to the smaller step size. The degree of selectivity of the fitted response surfaces with 
respect to the parameter variability [31] given by  

        x
x

xV                    (81) 
can be determined through the sensitivity coefficient  

            














 x
Q

Q
xQ

x
f

opt

optfS 


                 (82) 

in the vicinity of the global minimum xopt. This measure can then be usefully employed as a 
performance index to decide on the best target test data available to use in a motor parameter 
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Figure 52. Simulated Ifa Cost Surface

higher when the FC cost function is used instead of the shaft velocity equivalent. Convergence of the 
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in the vicinity of the global minimum xopt. This measure can then be usefully employed as a 
performance index to decide on the best target test data available to use in a motor parameter 
identification strategy. The sensitivities for 2% parameter variability, greater than the largest 
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Figure 53. Simulated Shaft Velocity Cost Surface

The application of the tabulated parameter threshold sizes δxL in the objective function sim‐
ulation results in smooth noise-free response surfaces in the stationary region enclosing the
global minimum as displayed in Figs.52 and 53. The degree of accuracy achieved by param‐
eter quantization, with restricted step size during dynamical system identification, in acquir‐
ing the global extremum Xopt is determined from the critical values in Tables 7 and 8 as the
estimate

L
opt opt d= ±X X X (84)
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The accuracy of the estimate in (84) can be improved with the selection of FC target data
because of its greater cost surface sensitivity and smaller relative step size. If the length of
the test data record is extended with more data values collected, accompanied by a corre‐
sponding transient response decay in the observed variables, the selectivity of the FC re‐
sponse surface improves with genuine local minima proliferation while the parabolic Vωr

surface concavity decreases. Thus a more accurate global estimate X̄ opt  is obtained for refer‐
ence purposes with increased data record length and improved FC surface selectivity. A
suitable identification method can then be applied in conjunction with the BLMD model to
the response surfaces corresponding to either motor shaft velocity Vωr or winding FC Ifa tar‐
get data, obtained in torque mode control for different shaft load inertia, in the parameter
search process of the optimal estimate X̂ opt = Ĵ opt , B̂opt

T . The Powell conjugate direction
method [22,23] and FSD [19] parameter extraction techniques can be applied, for example, to
the respective Vωr and Ifa cost surfaces to obtain X̂ opt  [18].

4. Conclusions

Response surface simulation has been theoretically investigated and shown to be a useful
graphical tool in motor parameter identification with a multiminima objective function and
BLMD model validation for electric vehicle systems. This visual concept provides an intui‐
tive insight into the topographical structure of the cost function to be minimized, the loca‐
tion of the global minimum, and the relevant identification search strategy to be adopted in
parameter space to obtain an accurate estimate. It also provides an alternative parameter
measurement strategy against which the accuracy of other parameter identification search
techniques can be judged. A novel mathematical analysis of the competing shaft velocity
and current feedback response surfaces, for identification purposes, has revealed the exis‐
tence of a ‘line’ minimum of possible solutions principally in the B-parameter direction via a
comparison of the eigenvalues derived from the quadratic model fit of the global stationary
region. This analysis also shows that the global stationary region is closed and bounded by
elliptical shaped MSE contours, which guarantees the existence of an optimal parameter
vector solution. Furthermore a comparison of the quadratic model eigenvalues, for the com‐
peting cost surfaces, illustrates the dominance of the current feedback response selectivity
and its acceptance as the most suitable objective function during SI for accurate parameter
extraction.

The quantization of parameter space to remove ‘false’ local minima proliferation has been
examined and demonstrated to be effective in surmounting cost surface ‘noisiness’ engen‐
dered during BLMD simulation, with a finite step size, of the PWM natural sampling proc‐
ess. A probability analysis has shown that the error incurred in resolution of PWM edge
transition times during BLMD simulation, which is responsible for cost surface granularity,
is dependent on the step size and is manifested as a random error voltage at the PWM inver‐
ter output. The effect of cost surface selectivity with choice of target data in MSE penalty
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cost function formulation, for usage in BLMD parameter identification, has been examined
with motor current feedback being the preferred option.
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The accuracy of the estimate in (84) can be improved with the selection of FC target data
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techniques can be judged. A novel mathematical analysis of the competing shaft velocity
and current feedback response surfaces, for identification purposes, has revealed the exis‐
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region. This analysis also shows that the global stationary region is closed and bounded by
elliptical shaped MSE contours, which guarantees the existence of an optimal parameter
vector solution. Furthermore a comparison of the quadratic model eigenvalues, for the com‐
peting cost surfaces, illustrates the dominance of the current feedback response selectivity
and its acceptance as the most suitable objective function during SI for accurate parameter
extraction.

The quantization of parameter space to remove ‘false’ local minima proliferation has been
examined and demonstrated to be effective in surmounting cost surface ‘noisiness’ engen‐
dered during BLMD simulation, with a finite step size, of the PWM natural sampling proc‐
ess. A probability analysis has shown that the error incurred in resolution of PWM edge
transition times during BLMD simulation, which is responsible for cost surface granularity,
is dependent on the step size and is manifested as a random error voltage at the PWM inver‐
ter output. The effect of cost surface selectivity with choice of target data in MSE penalty
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cost function formulation, for usage in BLMD parameter identification, has been examined
with motor current feedback being the preferred option.
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