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Consequences of  
Poor Power Quality – An Overview 

Sharmistha Bhattacharyya and Sjef Cobben 
Technical University of Eindhoven 

The Netherlands 

1. Introduction 

Modern customers use large number of sensitive devices comprising of power electronics 
that are quite sensitive to power quality (PQ)  disturbances in the supply network. From 
worldwide customer surveys, it is found that complaints on PQ related disturbances (for 
example: harmonics, voltage dips, flicker, etc.) are increasing every year. In Europe, the 
quality of electricity that is provided by a grid operator has to comply with reference 
parameters set in the European standard EN 50160 and other specific standards or the 
national grid codes. In contrast, it was observed that the customer’s polluting loads often 
interact adversely with the network components and distort the network’s voltage. When 
the supply voltage is distorted, the customer’s device draws non-sinusoidal current from the 
network that might be different than the sinuso idal voltage condition. This can cause many 
technical problems (such as extra heating, misoperation, early aging of the devices etc.) to 
the customer's devices at his installation. The non-sinusoidal current also causes extra losses 
and other problems to various network components (as example: cables and transformers). 
Moreover, poor PQ often has large financial consequences to the affected customers (mainly 
to the industries with process plants). In extreme cases, poor PQ of the electric supply can 
cause financial losses to the network operators and the equipment manufacturers too. All 
these factors led to the discussion about the responsibility sharing of PQ problems in the 
network. In this chapter the impacts of poor PQ will be analyzed from the perspectives of 
the customers, the network operators and the equipment manufacturers. 

2. PQ related complaints in different countries 

Every year the network operators in different countries around the world receive many 
complaints about PQ problems from different groups of customers. A customer complains 
when the operation of devices at his installati on is interrupted leading to techno-economic 
inconveniences. It is observed that almost 70% of the PQ disturbances are originated at the 
customer’s premises while 30% are in the network side [Emanuel & McNeil, 1997]. The 
Electric Power Research Institute (EPRI) conducted a five year (1990-1995) monitoring 
program for distribution power quality (DPQ-I) among 24 utilities throughout the United 
States of America. Another program DPQ-II was conducted in 2001-2002. These study 
results [Melhorn et al., 2005], [McNulty et al., 2002] concluded that voltage sags (dips) and 
swells, transient over-voltages (due to capacitor switching), harmonics and grounding 
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related problems are the most common PQ complaints among the American customer as 
presented in Fig. 1. 
 

 
Fig. 1. PQ problems experienced by the American customers  

In 2001, the European Copper Institute has done a PQ survey covering 1,400 sites in 8 
countries of Europe. It is found that harmonic distortions, power supply reliability, voltage 
dips and electromagnetic compatibility are the most important issues for the countries of the 
European Union (EU) [Keulenaer, 2003]. Another PQ campaign was conducted by the 
Leonardo Power Quality Initiative (LPQI) am ong various customers in the EU-25 countries 
in 2004. It was concluded that on average the absolute share of impacts of power quality and 
reliability related problems are due to voltage di ps (23.6%), short interruptions (18.8%), long 
interruptions (12.5%), harmonics (5.4%), transients and surges (29%) and other PQ related 
problems (10.7%) [Manson & Targosz, 2008]. In the United Kingdom, the customers mainly 
complain because of the disputed accounts and the supply standard related to the 
restoration time after fault interruptions. Some  complaints are also about the supply quality 
issues such as voltage dips, harmonics and flicker [Wharmby, 1998]. In South Africa, voltage 
dips and transients have been identified as major PQ problem. This is because of the fact 
that a large part of the electricity infrastructure  consists of overhead lines [Johnson & Coney, 
1997]. 

3. Technical impacts of poor PQ 

Now-a-days the customers use large number of devices at their installations that consist of 
power electronics. The residential customers use different domestic appliances such as 
televisions (TV), video cassette recorders (VCR), microwave ovens, personal computers 
(PC), heating-ventilation-air conditioning equi pments (HVAC), dishwashers, dryers etc. The 
business and office equipments include workstatio ns, PCs, copiers, printers, lighting etc. On 
the other hand, the industrial customers use programmable logic controllers (PLC), 
automation and data processors, variable speed drives (VSD), soft starters, inverters, 
computerized numerical control (CNC) tools and so on. Presently, many customers use 
compact fluorescent lamps (CFL) for lighting thei r installations. Many of these devices are 
quite sensitive to PQ disturbances. Case studies and surveys in different countries around 
the world have been done to estimate the impacts of poor PQ to the customers. However, 
until now, only few cases are surveyed to analyze the technical and non-technical 
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inconveniences of poor PQ to the network operators. Nevertheless, a theoretical estimation 
of technical losses on different network components because of various PQ disturbances can 
be done to get an indication of possible impacts of poor PQ in the network. 

3.1 For customers 
From various surveys, it was generally noticed that industries are vulnerable to long and 
short interruptions (that are considered as ‘re liability issues’ in the power system analysis). 
Voltage dip is the main PQ problem for the semiconductor and continuous manufacturing 
industries, and also to the hotels and telecom sectors. Harmonic problems are perceived 
mainly by the commercial organizations and service sectors such as banks, retail, telecom 
etc. Another PQ problem that draws high attention is the presence of transients and surges 
at the customer’s installation. In 2001, the Leonardo Power Quality Initiative (LPQI) 
surveyed in eight countries of the European Union (EU) [Keu lenaer, 2003] and declared that 
the customers report a complaint to the network operators when they suffer one of the 
inconveniences as shown in Table 1 at their sites due to poor PQ of the electric supply. 
 

Perceived inconvenience Affected devices Reported PQ problem 

Computer lock-ups and 
data loss 

IT equipments 
(that are sensitive to change in 

voltage signal) 

Presence of earth 
leakage current causing 
small voltage drops in 

earth conductors 

Loss of synchronization 
in processing equipment 

Sensitive measurements of 
process control equipment 

Severe harmonic 
distortion creating 
additional zero-

crossings within a cycle 
of the sine wave. 

Computer, electronics 
equipments damage 

Electronic devices like computer, 
DVD player etc. 

Lightning or a switching 
surge 

Lights flicker, blink or 
dimming 

Flickering, blinking or dimming 
of lighting devices, and other 

visual screens 

Fast voltage changes 
leading to visible light 

flicker 

Malfunctioning of motors 
and process devices. 

Extra heating, decreased 
operational efficiency  

and premature aging of 
the equipments 

Motors and process devices 
Presence of voltage and 
current harmonics in the 

power supply 

Nuisance tripping  of 
protective devices 

Relays, circuit breakers and 
contactors 

Distorted voltage 
waveform because of 

voltage dip 

Noise interference to 
telecommunication lines 

Telecommunication system 
Electrical noise causing 

interference signals 

Table 1. Customer’s reported complaints in EU-8 as per LPQI survey 
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In 2008, another report was published by the LPQI in which PQ survey was conducted 
among the customers of the EU-25 countries [Manson & Targosz, 2008]. It was reported that 
loss of synchronization of processing equipment is an acute problem in the industries 
(mainly for the continuous manufacturing process plants). Lock ups of computers and 
switching equipment tripping are the second largest problem for industries. For the service 
and transport sectors, circuit breaker tripping an d data loss have been identified as the main 
problems caused by poor PQ. It was noticed that main sources of PQ disturbances in the 
industries are the motor driven system and static  converters. In contrast, PQ problems in the 
service sectors are mainly originated from various electronic equipments. Fig. 2 illustrates 
the LPQI survey results that indicate the frequency of different PQ consequences to the 
industries and the service and transport sectors as a percentage of cases analyzed. 
  

 
Fig. 2. Consequences of poor PQ as experienced by the customers 

Fig. 3 shows the survey results [Manson & Targosz, 2008] of the devices that mostly get 
affected by one of the PQ problems in different installations in the EU-25 countries. It shows 
that electronic equipments are the most vulnerable to PQ disturbances both in the industries 
as well as in the service and transport sectors. 
In 2000, the EPRI and CEIDS consortium conducted a PQ survey [Lineweber & McNulty, 
2001] among the industrial customers in the USA. It was declared that the most affected 
devices in the industries because of poor PQ are computers and micro processor based 
devices (43%), variable speed drives (13%), lighting equipments (8%), motors (5%), relays 
(1%) and other equipments (30%). The 4th benchmarking report [CEER, 2008] of the 
European Regulators also gave an overview of PQ related costs in different countries of the 
world. 

3.2 For network operators 
In the last decades, customers across the globe have become more aware of PQ related 
disturbances at their installations. Due to large amount of PQ emissions also from the 
customers’ sides, it is difficult for the network operator to maintain high voltage quality at a 
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customer’s point of connection. Moreover, a guaranteed high quality of voltage supply 
requires large investments in the network. Among various PQ problems, mainly harmonics 
in the network often interact adversely with the network components and cause 
inconveniences to the network operators. The operations of power electronic devices 
produce harmonic currents that  lead to additional harmonic power flow and increase 
network’s total apparent power demand while decrease true power factor of the network. 
Large harmonic current can also cause overloading and extra power losses in the network 
components. In extreme cases, it can lead to high thermal stresses and early ageing of the 
network devices. Imposing penalties to the harmonic producing custom ers is not presently 
feasible because of the lack of proper measuring devices. Harmonic currents when 
combined with high grid impedance increases voltage distortions in  the network and in 
extreme situation can shift zero-crossing points of the supply voltage waveform. This 
increases noise and electromagnetic interference in the network. Transformers, cables and 
power-factor correction (PFC) capacitors are the network components that mainly get 
affected by PQ disturbances and are discussed briefly in the following sub-sections. 
 

 
Fig. 3. Equipments affected by PQ problems in different sectors 

3.2.1 Effects on transformers 
Presence of harmonic current increases the core losses, copper losses, and stray-flux losses in 
a transformer. These losses consist of ‘no load losses’ and ‘load losses’. No load loss is 
affected mainly by voltage harmonics, although the increase of this loss with harmonics is 
small. It consists of two components: hysteresis loss (due to non-linearity of the 
transformers) and eddy current loss (varies in  proportion to the square of frequency). 
The load losses of a transformer vary with the square of load current and increase sharply at 
high harmonic frequencies. They consist of three components: 
�x Resistive losses in the winding conductors and leads  
�x Eddy current losses in the winding conductors 
�x Eddy current losses in the tanks and structural steelwork 
Eddy current losses are of large concern when harmonic current is present in the network. 
These losses increase approximately with the square of frequency. Total eddy current losses 
are normally about 10% of the losses at full load. Equation (1) gives total load losses (PT) of a 
transformer when harmonics are present in the network [Hulshorst & Groeman, 2002]. 
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Where,  
PCU  = total copper loss 
PWE  = eddy current losses at 50Hz (full load) 
PCE1  = additional eddy current losses at 50Hz (full load) 
PSE1  = stray losses in construction parts at 50Hz (full load)  
In  = rms current (per unit) at harmonic ‘n’ 
IL  = total rms value of the load current (per unit) 
I1  = fundamental component of load cu rrent (per unit) at 50Hz frequency 
n  = harmonic number 

Other concern is the presence of ‘triple-n’ harmonics. In a network, mainly the LV nonlinear 
loads produce harmonics. With a MV/LV transformer of �¨/Y configuration, ‘triple-n’ 
currents circulate in the closed delta winding. Only the ‘non triple-n’ harmonics pass to the 
upstream network. When supplying non-linea r loads, transformers are vulnerable to 
overheating. To minimize the risk of prematur e failure of transformers, they can either be 
de-rated or use as ‘K-rated’ transformer whic h are designed to operate with low losses at 
harmonic frequencies. Increased loading can cause overstressing of transformer and the 
chance of its premature failure. This effect is usually expressed in terms of ‘loss of lifetime’. 
The hot-spot temperature is used for evaluation of a relative value for the rate of thermal 
ageing as shown in Fig. 4. It is taken as unity for a hot-spot temperature of 98oC with the 
assumption of an ambient temperature of 20oC and hot-spot temperature rise of 78oC. 
Equation (2) shows the calculation of relative ageing rate (V) as a function of hot-spot 
temperature �Éh [Najdenkoski et al., 2007].  
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Fig. 4. Aging of a transformer with increased temperature above hotspot 
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3.2.2 Effects on cables 
Harmonic currents have two main effects on cables: 
�x Additional ‘ohmic losses’ (I 2R losses) in the line and neutral conductors of a cable 

because of increased rms value of current due to harmonics. This causes increased 
operating temperatures in a cable. 

�x Harmonic currents along with the grid impedances cause harmonic voltages across 
various parts of the network. This harmonic voltage increases the dielectric stresses on 
the cables and can shorten their useful lifetime. 

Resistance of a cable is determined by its DC value plus skin and proximity effect. The eddy 
current, which is generated due to the relati ve motion of the electromagnetic field and 
circulating current in a conductor, is the root cause of skin effect. The current tends to flow 
on the outer surface of a conductor. It increases the effective resistance of the conductor and 
eddy current losses, mainly at high frequencies. The ‘proximity effect’ is because of the 
mutual inductances of parallel conductors an d the changing magnetic field of the nearby 
conductors. Both the skin effect and the proximity effect are dependent on the power system 
frequency, conductor size, the resistivity and the permeability of the material. The presence 
of harmonics in the cables influences conductor’s resistance and further increases its 
operating temperature. This can eventually cause early aging of the cables. Heat generated 
in a cable consisting of ‘m’ conductors and harmonic component ‘n’ is given by equation (3) 
[Fuchs et al., 1986]. 

 2( ) ( )n acQ m m I r n�  � ˜ � ˜�¦  (3) 

Where, 
Q(m) = heat generated in a cable per unit length 
m  = number of conductors in the cable 
rac(n) = conductor resistance for nth harmonic per unit length 
In  = effective or rms value of nth harmonic current 

Thermal degradation of an electric device is mainly caused by temperature rise beyond the 
rated value. When the operating temperature deviates from the rated temperature, the life 
expectancy of a cable is changed and can be calculated by equation (4) [Fuchs et al., 1986]. 
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Where,  
�Ò  = lifetime referred to �É = �Érat + �¨ �É 
�Òrat  = lifetime referred to �É =  �Érat 
�¨�É  = temperature rise in relation to �Érat in Celsius 
�Érat  = cable rated temperature in Kelvin  
K  = Boltzmann constant 
E  = material's activation energy 

Laboratory measurement is done to identify cable’s temperature rise for different loadings 
conditions with linear and nonlinear loads respectively. In the test, a 4x2.5 mm 2 XVB-F2 type 
cable with copper conductor, PVC insulation an d extruded polyethylene shield is used. This 
is a common type installation cable in Belgium. Fixed values of set-up currents (5A, 10A, 
15A and 20A) are applied to the liner as well as the nonlinear loads. Incandescent lamps are 
used to represent linear load and PCs for nonlinear loads (that have total harmonic current 
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distortion of 40% approximately). Fig. 5 (a) shows a comparison of the cable's Cu conductor 
temperature rise with linear and nonlinear loads for different set up currents [Desmet et al., 
2004]. The ambient temperature was recorded 21°C at the test site. It was found that with 
increasing set up currents, the neutral conductor's current (because of 'triple n' harmonics) 
increases sharply for nonlinear loads as shown in Fig. 5 (b). This increases total heat content 
of the cable and raises its temperature. In the test, it was noticed that the temperature of Cu 
conductor of the cable exceeded its permissible temperature limit for high nonlinear loads 
(while set up currents are always maintained below the limit of maximum cable current 
capacity). This can cause life time reduction of the cable as described in equation (4). 
 

(a) Relative temperature rise of a cable’s 
conductor with linear and nonlinear loads 

 
(b) Increase of neutral currents with 

increasing fundamental current loadings 

Fig. 5. Accelerated temperature rise in a cable with nonlinear loading 

3.2.3 Effects on PFC capacitors  
Power-factor correction (PFC) capacitors are provided to draw currents with a leading 
phase angle to offset lagging currents drawn by the inductive loads such as an induction 
motor. In the presence of a non-linear load, the impedance of a PFC capacitor reduces as the 
frequency increases, while the source impedance is generally inductive which increases with 
the frequency. The presence of voltage harmonics in the power system increases the 
dielectric losses in the capacitors at high operating temperature and reduces the reliability.  
In extreme situation, harmoni cs in the network can cause reduction of operational life time 
of a PFC capacitor. The dielectric loss in a capacitor is calculated by equation (5) [Fuchs et 
al., 1986]. 
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Where, 
tan�Å = R/(1/�Ú C) is the loss factor 
�Ún  = 2�Ñfn = harmonic frequency 
V  = rms voltage of nth harmonic 

In the electricity networks, PFC capacitors are used to improve power factor of the network. 
However, with the capacitor and the stray indu ctance of the network components, a parallel 
resonant circuit can be formed. This causes very large (often localized) harmonic voltages 
and currents to flow, often leading to the catastrophic failure of the capacitor system. To 
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reduce the chance of resonances in the network, tuned PFC capacitors can be used to filter 
harmonic components. 

3.3 For equipment manufacturers 
When an equipment manufacturer introduces a device in the market, he guarantees it to 
perform satisfactorily at sinusoidal supply voltage condition (as per the standard 
requirements). However, its optimum perfor mance is not guaranteed when the supply 
voltage is distorted. Laboratory experiments show that devices produce higher amount of 
harmonic currents when the supply voltage is distorted. Table 2 compares total harmonic 
current distortions of some household devices under the sinusoidal and distorted supply 
voltage condition (with 5% total harmonic voltage distortion (THD v) in the network) 
[Bhattacharyya et al., 2010].   
 

Total current harmonic distortion  (THD i) with 
respect to the total rms current drawn by the device 

 
Device 

under clean voltage 
condition 

under polluted voltage 
condition (THD v=6%) 

TV 48% 55% 
Personal computer (PC) 87% 89% 
Refrigerator 10% 18% 
Compact fluorescent lamp (CFL) 72% 79% 

Table 2. THDi of devices under clean and polluted network voltage conditions 

It might also happen that when specific types of devices are connected in large quantity at a 
certain part of the network, some orders of harmonic currents increase significantly 
resulting in large distortion of the network volt age. This can result in abnormal operation of 
other network devices. The device manufacturer , however, can not be blamed directly for 
such a situation as he is not responsible for his devices’ operations under a distorted supply 
voltage condition. 
A relatively new concept is developed to measure harmonic fingerprint of a device to 
estimate its harmonic current emission behaviour under various polluted voltage 
conditions. A harmonic fingerprint is a databa se that contains a large set of harmonic 
current measurements for a device at different conditions of the supply voltage. A device is 
tested separately for a clean sinusoidal voltage condition. Subsequently, the supply voltage 
is polluted with various order harmonics (from 2 nd harmonic up to 25th harmonic order), 
having an amplitude variation of 1% to 10% (with a step of 1%) and also a phase shift of 0° 
to 360° (with a step of 30°) and respective harmonic currents are measured. It is observed 
that with a polluted supply voltage, harmonic current emission of a device can change 
significantly. Reference [Cobben et al., 2007] gives more information on harmonic 
fingerprint development method. From a harmonic fingerprint plot, it is often possible to 
identify internal characteristic of a device. In  Fig. 6 harmonic current emissions are plotted 
for a CFL when the 25th harmonic voltage pollution is in creased from 1% to 10% of the 
fundamental voltage for phase shifts of 0°, -30°, +30°, -180°, and +150° respectively 
[Bhattacharyya et al., 2010]. It shows that the harmonic current emission  of a CFL increases 
almost 10 times when the 25th harmonic voltage pollution (with 0° phase shift) at the supply 
terminal is changed from 1% to 10% of its magnitude.  
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Fig. 6. Harmonic currents of a CFL for 25th harmonic voltage pollutions 

It was also found that mutual interactio ns occur among various harmonic-producing 
devices in the network. Furthermore, a dist orted supply voltage (as background pollution) 
influences harmonic emission behaviour of the loads. Fig. 7 shows examples of a PC and a 
CFL when they are tested with clean sinusoidal voltage and with two polluted voltage 
conditions of THD V as 3.2% (marked as ‘average b.g pollution’) and 6% (named as ‘high b.g 
pollution’) respectively. Harmonic current emi ssion of a device can change significantly 
with the background supply voltage distortions. 
 

  

Fig. 7. Emissions of devices under background pollution conditions 

4. Financial impacts of poor PQ 

Power quality disturbances can have signif icant financial consequences to different 
customers and the network operators. It is quite hard to estimate correct financial losses of 
poor PQ as many uncertainties are involved. Therefore field surveys, interviews and case 
studies are carried out to get an indication of the costs of poor PQ. From literatures, many 
analyses are found on PQ costs for various types of customers. In contrast, very limited 
information is available on PQ cost for the netw ork operators. As the cost evaluation of poor 
PQ is a complicated issue, the CIRED/CIGRE ‘Joint Working Group’- JWG C4.107 was 
formed to develop a systematic approach for estimating various costs related to PQ 
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problems. This group proposed methodologies to determine PQ costs for the customers as 
well as the network operators.   

4.1 For customers 
From worldwide customer surveys on the electric supply, it is found that voltage dip is one 
of the PQ problems that causes large inconveniences and has significant financial impacts to 
various industrial process equipments. The actual financial losses are customer specific and 
depend mainly on customer category, type and nature of activities interrupted and the 
customer size. Also, financial losses are event specific and different severity could incur 
different losses to various customers. It is noticed from different surveys that short 
interruptions and voltage dips are the major contributors to financial losses in terms of PQ 
related costs. The European Power Quality survey report declar ed that PQ problems cause a 
financial loss of more than 150 billion Euros per year in the EU-25 countries [Targosz & 
Manson, 2007]. The survey was done over two years period during 2003-2004 among 62 
companies from different industries and service sectors. It was found that 90% of the total 
financial losses are accounted to the industries. Fig. 8 shows the percentage shares of total 
financial losses on various PQ aspects in the EU-25 countries. It shows that 56% of total 
financial loss in EU-25 is a result of voltage dips and interruptions, while 28% of the costs 
are due to transients and surges. Other financial losses (16%) are because of harmonics, 
flicker, earthing and EMC related problems. 
 

 
Fig. 8. Percentage share of PQ and interruption costs EU-25 countries 

As per the proposal of the CIRED/CIGRE JWG 4.107 group [Targosz & Manson, 2007], two 
distinct methods of measuring the economic im pact of poor PQ have been identified.  
�x The first method is a direct method, which is  an analytical approach to consider the 

probabilities and impacts of the events. This method leads to a precise answer, but 
mostly it is difficult to obtain correct input values.  

�x The second method is an indirect method, which considers historical data for analysis 
and the customer’s willingness to pay for solving PQ problems. 

Total cost of a PQ disturbance for a production company consists of expenditures in various 
accounts as follows: 
�x Staff cost – this is the cost because of personnel rendered unproductive for disrupted 

work flow. 
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�x Work in progress – this category includes the costs of raw material involved in 
production which is inevitably lost, labour  costs involved in the production, extra 
labour needed to make up lost production etc.  

�x Equipment malfunctioning – if a device is affected, the consequences can be slow down 
of the production process, extra ‘idle’ time. 

�x Equipment damage – if an equipment is affected, consequences can be complete 
damage of the device, shortening of its life time, extra maintenance, need of stand-by 
equipment etc.  

�x Other costs – the costs paid for penalties due to non-delivery or late delivery, 
environmental fines, costs of personal injury (if any), increased insurance rate etc. 

�x Specific costs – this category includes extra energy bill due to harmonic pollutions 
produced by non-linear devices, fines for generating harmonic pollution in the network 
(if applicable). Reduction of personal working efficiency; related health problem due to 
flicker can also be included in this cost category.   

�x Savings – there are some savings in the production too. It includes saving from the 
unused materials, saving from the unpaid  wages, savings on energy bill etc.  

In a typical continuous manufacturing sector large financial losses are incurred by the lost 
work-in-progress (WIP) which is (m ost of the cases) about one third of total PQ costs. Also, 
the slowing down of processes and labour costs are quite significant in this sector. In other 
sectors, the situation is not very clear with the labour cost and equipment related costs. In 
the public services like hotels and retail sectors, PQ impact is measured as slowing down 
their business activities, in terms of revenue lost. In the industries the losses are mainly 
because of voltage dips, interruptions and transient surges. Fig. 9 shows the distribution of 
PQ costs in various accounts in industries and service sectors, as estimated in the LPQI 
survey for the EU-25 countries [Manson & Targosz, 2008].  
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American industries in 2000. It was estimated that the US economy loses annually 119 
billion dollars to 188 billion dollars due to vo ltage dips, short interruptions and other PQ 
problems [Lineweber & McNulty, 2001]. Digital economy and continuous manufacturing 
industries are found to be the most affected sectors. It can be remarked here that PQ cost 
data, obtained from different surveys, is quit e difficult to compare as the references of 
representations in different surveys often vary. Hence, proper evaluation method of the 
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analysis is required for correct interpretation of the cost data. Another report [McNulty et 
al., 2002] estimated the costs of momentary and 1 hour outages for various sectors in the 
USA. Similar type of survey was also conducted by UMIST, UK in 1992 [Kariuki & Allan, 
1996] to estimate costs of outage to different customer groups. Table 3 compares both the 
findings of these surveys. It shows that outage costs in different sectors in UK and US vary 
significantly, except for the industrial customers suffering momentary outages.  
 

Survey done for UK customers 
Costs per outage per customer 

(€/event/customer) 1 

Survey done for US customers 
Costs per outage per customer 

(€/event/customer) 2 

 
Sector 

momentary 1 hour momentary 1 hour 
Residential - 0.84 1.63 2.02 
Commercial 13.8 127.2 454 664 
Industrial 1440 5160 1420 2375 

Note: Various original cost data are converted to equivalent Euros for better comparison. The conversion rates are 
taken as: 1 £ = 1.20 €1 and 1 $=0.75 €2. 

Table 3. Costs of outage as experienced by different customer groups 

It is quite difficult to make a general conclusion on financial losses in different industries as 
the PQ cost and the cost of outage due to interruption depend largely on the customer's 
installation characteristic and the devices involved. Among the industries, there can be a 
wide range of variety in device usages and their sensitivity to PQ problems. The same is also 
applicable for the commercial sectors.   

4.1.1 Estimation of financial losses caused by process failure 
When a disturbance occurs in an industrial pr ocess plant because of a voltage dip event, it 
can cause appreciable financial losses for the plant owner. The financial losses for an 
industrial customer can be determined as shown in equation (6) [Milanovic & Jenkins, 2003]. 

 CL MV CM CE AC� � � � � � � (6) 

Where, 
CL  = combined financial losses 
MV  = market value of goods that could be manufactured during the time of 
  process outage. Also, called “opportunity lost: sales and profit forfeited”. 
CM  = cost of material which could be used up in a production process 
CE  = cost of energy that could be used up in a production process 
AC  = additional costs connected with a loss of supply 

Alternatively, total financial losses because of a PQ event can also be expresses by equation 
(7). Both equations (6) and (7) are equivalent and any of it can be applied for calculating the 
financial losses due to voltage dips.  

 ( ) ( )CL EE RL VE r s FC� � � � � � ˜ � � � � (7) 

Where, 
EE  = extra expenses incurred because of the failure (€/per failure) 
RL  = revenue lost per hour of plant downtime (€/per hour) 
VE  = variable expenses saved per hour of plant downtime (€/per hour) 
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�x Work in progress – this category includes the costs of raw material involved in 
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r  = repair or replacement time after a failure (hours) 
s  = plant start-up time after a failure (hours) 
FC  = any fixed costs (€/per failure) 

Financial losses due to a voltage dip are very much influenced by the customer’s load 
compositions and process layout at the plant site. Also, different base references are used in 
various case studies to represent voltage dip financial data (for example: sometimes the 
reference of representation is per event cost, sometimes per kVA or total installed capacity 
of the plant, and sometimes per hour cost or total cost in a year etc.). Fig. 10 provides a 
range of financial losses due to voltage dip event in different industries that can be used for 
macro-level planning purpose [Andersson & Nilsson, 2002]. 
 

 
Fig. 10. Indicative financial losses in different sectors due to voltage dips 

4.1.2 Estimation of financial losses caused by harmonics 
Harmonic voltages and harmonic  currents both can cause failure or abnormal operation of a 
customer’s devices and can have financial consequences to the customer. Generally, 
harmonics in the network cause three types of problems: 
�x Additional energy losses (in the customer’s transformers, connection cables, motors, 

neutral conductors etc.) 
�x Premature aging of a device 
�x Abnormal operation or misoperation of a device 
Two methods can be applied to estimate costs related to harmonics: deterministic and 
probabilistic. The deterministic method is a pplied when all information related to the 
calculation (such as knowledge of network’s operating conditions, various devices’ 
operating conditions and absorbed power levels, the variation rate of the electrical energy 
unit cost and discount rate etc.) are available without any uncertainty. The present worth of 
operating costs of all components (represented as ‘(Dw)y, pw ’) in a considered installation for 
a period of N T can be estimated as shown in equation (8) for a harmonic rich environment 
[Caramia et al., 2009]. 
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(Dw) y  is the sum of extra operating costs for all components (due to energy losses) at the 
customer’s installation in all the time intervals for a specific year ‘y’ under consideration. ‘ �Â’ 
is the present worth discount rate and N T is the period of years under consideration. 
Reference [Key & Lai, 1996] gives estimation of harmonic related losses in office building. In 
this case, about 60 kW electronic loads (mainly computers) are connected that operates 12 
hours per day for 365 days in a year. It was found from the analysis that those offices were 
paying extra energy bills of 2100 dollars each year (which is approximately 8% of the total 
energy bill) because of 21,9 MWh additional energy losses annually due to harmonics at the 
customer's installation. It was also observed that the station transformer became overloaded 
when supplying to only 50% of its capacity equivalent non-linear loads.  
The premature aging caused by harmonic pollution involves incremental investment costs 
(Dak) for the kth device during the observation peri od. This is shown by equation (9) 
[Caramia et al., 2009], where (Ck,ns)pw and (Ck,s)pw are the present worth values of total 
investment costs for buying the k th device during its life in non-sinusoidal and sinusoidal 
operating conditions respectively. 

 , ,( ) ( ) ( )k pw k ns pw k s pwDa C C� ��  (9) 

The evaluation of costs of misoperation is the most complex. It is often difficult to determine 
if the degradation of a device’s performance is only due to harmonics or other PQ 
disturbances or due to other types of overloadin g. To estimate cost of a device’s abnormal 
operation, it is required to get information of  that device’s characteristic under harmonic 
conditions, the activity for which the device is us ed and the relative importance of it in that 
process activity. Reference [Carpinelli et al., 1996] describes an investigation on a wide range 
of devices used in the commercial and industrial sectors and concluded that estimating the 
cost of abnormal operation requires extensive information on a device’s behaviour in the 
presence of harmonics, the activity in which th e device is used and the economic values of 
all items contributing to lower productivity. 
Most of the cases it is difficult to gather all information related to costs as harmonics have 
mainly long term impacts and have relatively less visual immediate effects. Therefore, 
probabilistic method of cost estimation can al so be applied when some of the calculating 
parameters are uncertain or not known correctly. Equation (10) shows a general equation to 
estimate the expected economical value of present worth of harmonics '(D) pw ' for a device in 
the probabilistic analysis [Caramia  et al., 2009]. It includes a probability density function ‘E’ 
which describes its statistical feature of failure probability of the device, ‘(Dw) pw ’ represents 
present worth of additional energy losses and ‘(Da) pw ’ is the present worth of incremental 
investment due to premature aging of the device.  

 ( ) ( ) ( )pw pw pwE D E Dw E Da� ��  (10) 

4.1.3 Consequences of voltage flicker 
Voltage flicker is an annoying problem for the customers. Most of the times, it does not have 
high financial impact. However, it causes inconveniences to the people when frequent 
flickering (of light and computer  screens) occurs at their work-places or homes. From field 
studies it was found that voltage flicker can cause severe headache, epilepsy and other 
vision related illness to the customers. So, the affected people have to go for medical 
supervisions that might involve appreciable expenses. It was estimated from the LPQI 
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survey [Manson & Targosz, 2008] that the cost consequences due to flicker related problems 
can be up to 10% percent of an organization’s employment costs.   

4.2 PQ costs for the network operators  
Poor PQ has impacts to the network components (such as cables, transformers, capacitor 
banks etc.) that might suffer excessive heating, overloading, reduced energy efficiency, 
undesired tripping and early aging. Not many case studies are done yet to estimate the 
financial impacts of poor PQ for network compon ents. However, it is clear that the network 
operators experience additional losses in the networks because of harmonic currents, mostly 
originated by various customers’ devices. Also, the costs of unwanted tripping of protective 
devices or control equipments in the networ k can be significant as those can lead to 
unplanned supply interruption. The cost of re duced equipment’s lifetime due to early aging 
is also very high, especially for expensive network devices. A transformer is expected to 
have a lifetime of at least 30-40 years. It is possible that it has to be replaced in 10 years 
earlier due to its early aging caused by increased harmonic pollutions in the network. Most 
of the time, the effects of harmonics are hidden and not immediately visible.  
Light flicker is another PQ problem that has dr awn high attention even though it has lesser 
financial impacts than harmonics and voltage dip problems. It can cause bad reputation of 
the network operator as a service provider in the electricity business. Also, when a customer 
complaints to the network operator about flicke r problem, then an in spection engineer has 
to be sent to the site to supervise the problem to take necessary action. All these cause extra 
cost for the network operator.  
In an existing network, PQ performance can be improved by rearranging and reinforcing 
the network. Also, regular maintenance strategy has to be adopted to enhance the lifetime of 
the network components and redu ce failure rate. All these require appreciable investments. 
Implementing a mitigation device is another me thod to increase PQ performance level in the 
network at a desired level. The decision on adapting one of those strategies can be done 
after carefully analyzing PQ problem experien ced by the network operators and customers 
and their relative financial losses in comparison to the investment required. Furthermore, it 
is also possible to tighten the PQ (or EMC) standards for the equipments so that they 
become less sensitive to disturbances. This requires a regulatory change and also can 
increase the equipment’s manufacturing cost.  

4.2.1 Harmonics in the network  
At present, no published case study shows that the network components are failing because 
of poor PQ. However, it is often found th at extra losses are occurring in the network 
components because of additional harmonic currents in the network. In the future electricity 
infrastructure, with th e increased usage of many power electronics devices, harmonics can 
become a problem in the networks. Regular PQ monitoring can probably indicate actual PQ 
situation in the network. Various costs of harmonics are categorised as the operating cost 
(e.g. increased power losses), the aging cost (e.g. reduced lifetime cost) and the cost due to 
equipment’s maloperation. All those costs can be calculated by the same method as 
described in section 4.1.2. When large harmonic currents flow in a network, the network 
operators often can notice its impacts immediately as the network components get 
overloaded. In extreme situation, it can cause tripping of the protection device. Reference 
[Papathanassiou et al., 2007] estimates an increase of only around 0.15%-0.20% of the total 
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losses in the network components (lines and transformers) because of existing level of 
harmonics in the Greek networks.   

4.2.2 Consequences of voltage dips 
A voltage dip event can disrupt the operation of sensitive devices that might lead to partial 
or complete interruption of a customer’s power supply. The effects of voltage dips mainly 
depend on the type of customer, the usage of the power supply and the electricity demand 
of the installation. Fig.  11 shows the EPRI-PEAC survey [McNulty et al., 2002] results of the 
US industrial customers (mainly continuous manufacturing process industries and digital 
economy sectors). It shows that different durations of outages at the customer’s installations 
can have varying impacts to them. For a 1 sec of power failure (or very deep voltage dip), 
around 56% of the total surveyed industrial customers suffer process interruptions of 1.1-30 
min at their installations, while 27% customers suffer a sudden outage at their sites for a 
duration of 1 minute or less. Similarly, when  the supply power failure is for 3 minutes, it 
was noticed that around 82% of the surveyed customers would face a process interruption 
in the range of 1.1-30 minutes and 15% of them experience process outages for 30 minutes to 
2 hours. In this survey, it was estimated that for an industri al customer the average process 
outage time after 1 second power supply failure  is 21 minutes. However, it is only an 
indicative value. The real process outage time can vary largely among different industries 
depending on their type of operations and sizes. 
 

 
Fig. 11. Outage durations in different  industries for 1 sec power failure 

Generally, the industrial customers demand large quantities of electricit y. Therefore, when a 
voltage dip event in the network disrupts the po wer supply of many industries in a specific 
part of the network, it can have significant financial impacts to the concerned electricity 
service providers (due to loss of 'kWh units' of electricity tariff). 

5. Other impacts of poor PQ 

Another aspect that has grown interest in the electricity service sector is the ‘customer 
satisfaction’ index. It depends mainly on th e mutual relationships between a customer and 
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service providers (due to loss of 'kWh units' of electricity tariff). 

5. Other impacts of poor PQ 

Another aspect that has grown interest in the electricity service sector is the ‘customer 
satisfaction’ index. It depends mainly on th e mutual relationships between a customer and 
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network operator; and indicates the commercial quality of the electricity distribution 
service. Commercial quality generally relates to the individual agreement between network 
operator and customer. However, only some of these relations can be measured and 
regulated through standards or other legal instruments. When more customers are not 
satisfied with the PQ of the supply, the ne twork operator may lose the trust of the 
customers. In the extreme situation, the national regulators may take action against the 
network operator to solve the problem. Presently, in many countries the network operators 
are obliged to verify PQ complaints of individual customers. They should provide a voltage 
at a customer’s terminal that has to fulfil the applicable standard requirements. However, a 
customer’s responsibility regarding various PQ requirements at the point of connection is 
not yet well defined. Therefore, it is a challenge for the network operator to maintain both 
the technical and service quality to satisfy the customers’ needs.  
When a customer buys a product from the mark et, the ‘brand name’ plays an important role 
in decision making of his purchase. A device when is sold in the market, the device 
manufacturer guarantees its performance as per the relevant product standards (of IEC or 
other internationally recognized standard) under clean voltage condition. However, in 
reality, the devices operate in an electricity environment wi th distorted supply voltage. 
Thus, the connected devices generate different harmonic currents than that at sinusoidal 
voltage condition. In certain situations, some specific order harmonic current can exceed the 
limits of the standards. Also, it produces extra losses and may operate abnormally that leads 
to the decrement of its lifetime.  All these can bring doubts in the customer’s mind about the 
quality of the device and indirectly on the device manufacturers supplied product’s quality. 
Thus, the ‘commercial quality’ of the equipm ent manufacturer might get affected too. 

6. Responsibility sharing among various parties 

Many PQ problems in the network are contributed by customer’s nonlinear devices and 
most of those devices are susceptible to failures under polluted supply voltage condition. In 
addition, some PQ problems such as voltage dips, transients are mainly originated in the 
network side. Improving a network to reduce PQ  problem costs huge amount of investment 
for a network operator; while poor PQ also accounts large financial losses to the customers. 
Therefore, following parameters have to be considered for PQ cost analysis in the networks: 
�x Network’s mitigation cost (such as changes in network infrastructure, placing a PQ 

mitigation device etc.)  
�x Compensation for the extra losses in network components 
�x Extra costs to handle customer’s complaints (effort in finding the problem, network 

intervention for modifica tion and improvement) 
�x Customer’s willingness to pay extra money (and tariff) to minimize PQ disturbances at 

their installations  
�x Evaluation of cost of extra-quality by introducing individual ‘PQ contract’ scheme 
�x Costs aspects that concern manufacturers in designing equipment for improving PQ 

(emission and immunity of equipment) 
�x Total market size (that means the number of customers involved) for a specific PQ 

solution under consideration 
To implement PQ mitigation, it is required to evaluate different alternatives to improve PQ 
performance in the network. Therefore, a systematic approach is followed to first find out 
the responsibility of each of the involved parties in the network as shown in Fig. 12. 
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Fig. 12. Decision making flow-chart on PQ solutions  

One of the main influencing factors on the decision making is the number of complaints that 
a network operator gets from the customers because of poor PQ of the supply. First, the 
source of PQ problem in the network is to be detected. It is also important to know about the 
network impedance at the POC where customer is facing PQ related inconveniences. After 
analysing the problem, network operator may ask the customer either to install a mitigation 
device at his terminal or to pay for the soluti on, if the problem is caused by the customer's 
device. On contrary, if the network impedanc e at POC is found higher than the maximum 
(fundamental and harmonic) impedance allowed for the customer's connection type, the 
network operator will be responsible to solve the PQ problem. Depending on the sensitivity 
of the problem, the network operator has to implement mitigation method at the 
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complaining customer's POC, or in the feeder or elsewhere in the network to fulfil the needs 
of a large group of customers. Thus, following situations are possible while deciding on an 
investment for a PQ solution: 
�x A mitigation method is chosen at the customer’s terminal or in his installation and the 

investment is also done by the customer. 
�x Mitigation method is adopted at the customer  side, but the investment is done by the 

network operator.  
�x A mitigation method can be implemented in the network (such as: network a 

reconfiguration, laying an extra cable, installing storage or filters, etc.) while the 
investment can be shared by the network operator and the customer, depending on the 
situation. 

Finding an optimal PQ solution and defining PQ  related responsibility of each of the parties 
connected in the network are complicated issues. The standards that are presently available 
give limiting values for some specific PQ parameters that are valid only for sinusoidal 
voltage condition. Hence, the standards also need to be adjusted to restrict PQ emissions at a 
customer’s installation. Alternatively, various devices can be manufactured with stricter 
specification so that they produce less PQ pollution in the network. Moreover, all the 
concerned parties would work together to find out the best solution. Fig. 13 illustrates 
mutual responsibility sharing on PQ aspects among the network operator, the customer and 
the equipment manufacturer. 
 

 
Fig. 13. Mutual responsibilities among various parties in the network 

6. Conclusion 

Poor PQ causes techno-economic inconveniences to different parties connected to the 
network. PQ problems such as voltage dips and harmonics can have significant techno-
economic impacts to the customers and the network operators. It was found from the LPQI 
survey (2004) in the EU-25 countries that electronic equipments, electrical motors, variable 
speed drives and static converters are the most affected equipments in the indu stries. The 
other affected devices are cables, capacitors, lighting equipments and relay contactors. 
Estimating the financial losses for a customer because of poor PQ is quite complicated as it 
includes various direct (immediately visible costs) and indirect (long-term) costs. The 
methodologies for calculating the costs related to voltage dips and harmonics are described 
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in this chapter. It was found that continuous manufacturing process plants and digital 
industries are the most vulnerable sectors for PQ related disturbances. It was also noticed 
that the network operators can have significant inconveniences too because of poor PQ in 
the network. Network components suffer extra losses, reduced operational efficiency, 
abnormal tripping and premature failure because of harmonics in the network. Various 
reference case studies are mentioned where poor PQ related financial losses for the 
customers and network operators have occurred. It was found that light flicker is technically 
not a big problem for the network. However, wh en the customers suffer from flicker related 
disturbances and complain frequently to the network operators, it can have some financial 
consequences. The ‘commercial quality’ aspect of the electricity is also briefly discussed that 
emphasizes on the customer’s satisfaction about the received electricity. 
The presence of polluting devi ces in the network often distor ts the supply voltage. Under a 
polluted grid condition, a customer’s devices behave differently than the sinusoidal voltage 
condition. The present standards give requir ements on PQ parameters only for clean 
sinusoidal voltage condition. In future, those standards need to be modified to make them 
more appropriate for the real distorted netw ork voltage condition. Also, the standards 
should specify clearly the responsibility of th e customer regarding various PQ parameters at 
the connection point of his installation with  the network. To select an optimum PQ 
mitigation method in the network, a detailed cost-benefit analysis is to be done for the 
involved parties.  
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1. Introduction  

1.1 Basic concepts  
The main goal of this chapter is the economic valuation and prioritization of those 
investments which are intended to improve the power quality of the system. While most of 
the research work in the field of power quality was aroused by the scientific challenges to be 
overcome, it is fair to recognize that the practical importance of power quality hinges on the 
economic impact of such phenomena. 
Thus, economic analysis of power quality is of the outmost significance. Such analysis, 
according to present day corporate doctrine, implies the assessment of the changes in the 
market value which are produced when an idea l scenario – where electric energy is supplied 
without any imperfection – is disturbed by a series of distortional events, thus leading to a 
loss of quality. In brief, we want to relate imperfection level with market value. 
In a more practical line of thought, we wish to  answer specific questions like this: how many 
equivalent dollars of market value are lost when the severity index of some type of 
imperfection increases – say – by one unit? Or – opposingly – how many dollars are won 
because of a decrease in severity? 
Moreover, given an intervention in the market s which diminishes the index, we seek to 
estimate the monetary benefit of such quality improvement. As we also know the capital 
needed to accomplish such intervention we can introduce in the market model and the 
change in value added may be subsequently calculated. Then, the relation between that 
change and the capital invested can be compared against a hurdle rate which functions as a 
yardstick for the merit of the intervention. This ca n be used also in order to prioritize capital 
investments on power quality (this rather straight way of investment prioritization, becomes 
more complicated when the uncertainties inla id in the quality issu es are introduced). 

1.2 The quality market model outline 
Figure 1 depicts the electricity market model without considerations on quality issues. 
Essentially, such market is based upon the capacity of the consumers to draw value from 
electrical energy through an usage system (the “EE usage” rectangle on upper right). This 
system is fed across a supply network (the rectangle below the first one). These two systems 
are the physical assets from which the creation of users value (S) results. The payment of 
users is the firm revenue (R). So the difference (U-R) can be seen as a surplus (S) obtained 
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from the acquisition of energy. Subtracted from (R) are the expenses need to operate the 
physical assets, taxes and the remuneration of capital (financial assets), the remaining value 
(V) goes to the investors, as seen at the left, (S) and (V) sum up to produce the public value 
(W) added to the society. Maximization of (W) is the ultimate goal of regulation mechanisms 
(Arango et al., 2008a). 
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Fig. 1. Diagram of the monetary streams (someones are virtuals) taking place in an 
electricity market. 
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Fig. 2. Insertion of Power Quality events in the Electricity Market Model. 

Figure 2 shows how the economic impact of quality events can be introduced in the 
previous market model. Due to the heterogeneous nature of such events they influence the 
customers, the firm or both. There is also an additional impact due to the capital invested in 
measures aimed to power quality improvement.  Anyway, each of these influences can be 
duly taken on account and the net impact of quality on consumers’ surplus and the 
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companies’ economic value added can be calculated. (Those influences are located in Fig. 2 
as circles (1), (2) and (3)). 
In this way, this new market model allows a comprehensive treatment of power quality 
(P.Q.) either from the point of view of the utilities, customers or society. 

2. The consumers representation  

We shall begin with a brief explanation of the co nsumers attitude in regard to the electrical 
energy (E.E.). 

2.1 Basic assumptions 
a. From any quantity (E) of Electrical Energy the consumer gets a value of use expressed 

in monetary terms, as a concave value-function U(E), also known as a Von Neumann–
Morgenstern utility curve (Von Neumann & Mo rgenstern, 1944). The simplest function 
of such kind is a quadratic one, expressible as: 

 U(E) = a.E – ½ b.(E)2 (1) 

where (a) implies the Eagerness to use (E), while (b) portraits the Satiation due to the 
quantity already spent. 

b. The energy is sold at a fixed Tariff (T). Then, the purchase of a quantity (E) will demand 
a Payment P(E) given as: 

 P(E) = T.E (2) 

c. The difference between Value and Payment – whenever positive – represents a Surplus 
S(E) which the user draws from the transaction. Based on expressions for the equalities 
(1) and (2) results the following expression for the Surplus. 

 S(E) = (a-T)E – ½ b.(E)2 (3) 

2.2 The purchasing of energy 
Under the hypothesis above we postulate that the fundamental mechanism governing the 
purchase of E.E. can be verbalized as follows (Kreps, 1990; Jehle & Reny, 2000): 

“The consumer buys such quantities (E*) of energy that maximize his (her) surplus.” 

Then, (E*) must satisfy the well-known first-order condition: 
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Thus, for any a>T, it results the optimal quantity purchase d by the customer: 

 E* = (a-T)/b (4) 

This important equation relates consumption with  price in the electricit y market, in terms of 
the customer preference and the practiced tariff. The reverse equation is also very often 
useful: 

 T = a – bE (5) 
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from the acquisition of energy. Subtracted from (R) are the expenses need to operate the 
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companies’ economic value added can be calculated. (Those influences are located in Fig. 2 
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Thus, for any a>T, it results the optimal quantity purchase d by the customer: 

 E* = (a-T)/b (4) 

This important equation relates consumption with  price in the electricit y market, in terms of 
the customer preference and the practiced tariff. The reverse equation is also very often 
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From (2), (3) we shall have the optimized surplus: 

 S* = (b/2)E2 (6) 

and the corresponding payment: 

 P* = aE – bE2 (7) 

which is also the Revenue (R) of the firm. 

2.3 The diagram of economic flow of consumption 
The relationships above may be held together in a Diagram of Economic Flow as shown in 
Figure 3: 
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Fig. 3. Diagram of economic flow of a customer or cluster of customers. 

For a = 4300 US$/MWh, b = 500 US$/MWh2 and E = 8 TWh. The diagram is depicted in 
Figure 4: 
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Fig. 4. Diagram of economic flow with reasonable values for the monetary streams occurring 
in real world. 

Then, T = a – bE = 4300 – 4000 = 300 US$/MWh, as it should be. 
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2.4 Practical considerations 
The customers parameters (a,b) are not readily known in practice. Nevertheless, they can be 
related to information that is far more available. First, we are familiar with the purchased 
annual energy (E) and the firm revenue (R), thus we are also aware of T = R/E. Second, 
there is a basic economic parameter describing the consumers attitude with regard to the 
energy which was being thoroughly studied and measured: it is the Elasticity Consumption-
Price (�Æ), defined as: 

 �Æ = -(T/E)(dE/dT) (8) 

Recalling the fundamental equations (4) and (5) it can be devised a formula linking ( �Æ) with 
(a) as: 

 a = (1+ �Æ-1)T (9) 

On the other hand, we always have the formula (5) which is reiterated here. 

a – bE = T 

For example, let be E = 8 TWh, T = 300 US$/MWh, �Æ = 0,075=7,5% 
Then, from (9) we shall have: 

a = (1 + 1/0,075)300 = 4300 US$/MWh 

and using (5) it results: 

b = (a – T)/E = (4300 – 300)/8 = 500 US$/MWh2 

Note that: 

R = (4300 x 8) – (500 x 82) = 2400 MUS$ = 8 TWh x 300 US$/MWh 

as it should be. 

Observation: 

�Æ varies with the point of operation of the customer. The value used in the calculus must be 
the elasticity computed for the same (T) obtained above. When �Æ was obtained for a different 
tariff T’, i.e., 

 �Æ’ = - (T’/E)(dE/dt) = T’/bE = T’/(a – T’) (10) 

We must retrieve �Æ as: 

 a = (1+ �Æ-1)T = (1+( �Æ’)-1)T’ (11) 

Then: 

(1+ �Æ-1) = (1+(1+ (�Æ’)-1)T/T 

which results in: 

�Æ’ = 1/((1- �Æ-1)(T/T’) – 1) 

Then 

 �Æ = 1/(1+(�Æ’)-1)(T’/T) – 1 (12) 
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For example, let be T’ = 150 US$/MWh. Then, we shall have: 

�Æ’ = 1/27,66666667 

or: 

�Æ’ = 0,036144578 

giving, as expected, 

�Æ = 1/(28,66666667 x (150/300) -1) = 0,075 

For example, suppose the elasticity is known to be �Æ’ = 0,036144578 for T’ = 150 US$/MWh. 
Then, we shall have �Æ = 0,075 for T = 300 US$/MWh. 

3. The firm representation 

3.1 A few words on capital and rates of return 
We start with a brief description of capital. Total capital (B) is composed by equity (A) – 
contributed by the Shareholders – and Debt (D) – due to the Bondholders. 
It is customary to define a Leverage Factor (�Å) such that (D = �ÅB) to express the level in 
which the firm is indebted. Moreover: 
1. An interest must be paid over debt at a convened debt-rate (rD). 
2. A remuneration should remain available over equity at an expected rate of return (rA). 
3. Interest is not subjected to taxation. Remuneration, instead, is fully taxable on a tax 

rate (t). 
4. rD and rA combine to produce the weighted-average cost of capital (WACC) where: 

 WACC = r w = (1-�Å)rA + �Å(1-t)rD (13) 

where t is the tax rate. 

3.2 Financial statements 
We shall represent the firms by a statement of their performance over a given period or 
financial exercise.  
A statement begins always with the total Revenue (R), from which is deducted the Cost, 
thus leading to the so called Result. 
In order to make clear our choice of Statement, two types of such instruments are to be 
considered: 
1. Accounting statement 

Is the traditionally used and published (according to rules of USGAAP – United States 
Generally Accepted Accounting Practices), which Cost includes expenses and interest 
on debt (D). Its Result is called Net Profit (L). 

2. Economic value statement 
Cost includes not only expenses and interest, but the yield on the total capital (B). Its 
Result is called Economic Value Added (V) (Martin & Petty, 2000). 

In the following, we shall use the Economic Value Statement type, recognizing that it 
represents better the modern principles of corporate finance. Nevertheless, in order to 
highlight the distinctive features, some exampl es will be worked on both statements.  
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3.3 Modeling the firm 
The supplier is moulded as a system (Jensen & Meckling, 1976) whose input is the revenue 
(R). The various components of the economic cost (C) are then subtracted. As (C) includes 
de yield of all the capital (debt and equity) th e remaining quantity (output or result) stands 
for the value (V) created above the expectations of investors. The firm surplus (V) is known 
as Economic Value Added or Economic Profit. 
One of the distinctive features of our representation  is the proposal of a cost structure, that is 
to say, an explicit dependence among the various costs with the basic variables: supplied 
energy (E) and capital investment (B). 
The proposed structure, i.e. the supplier model, is presented as a diagram of economic flow 
in Figure 5. 
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Fig. 5. Diagram of the Economic Value Statement of a distribution company (DISCO). 

where the symbols mean: 
R = Receipt; T = Tariff; C = Economic Cost; Z = Total Cost at Equilibrium; dB = Depreciation 
of Physical Assets; Y = rwB = Yield of Capital (equity plus debt); V= Economic Value Added 
or economic profit; EBIT = Earnings before interest and taxes 
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Note that the cost functions C(E, B) are depending also from certain parameters (e, p, d, w) 
portraying the operational and corporative e fficiency of the firm on one hand and its 
technological standards on the other. 
Note that, a distinctive feature, our market model brings a cost structure, that is to say, a 
functional dependence among each component of cost and the fundamental variables, 
which are quantities of supply and capital investment. In our case the variables are the 
energy purchased (E) and the investments in scale (B) and quality (Q). 
As cost components we have the functions: 
eE - Operational expenses, energy bought from generation  companies and other charges. 
p(E2/B) - Cost of energy lost in the electric network. 
dB - Depreciation of physical assets. 
rwB - Reward  to investors 

3.4 The firm with optimal allotment of capital 
The investment B has an optimal value B* for which Z attains its minimal value Z*. B* is 
obtained by zeroing the derivative of Z(E, B) with respect to B: 
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Note that the average price remains constant. 

3.5 The firm in economic equilibrium 
Another condition of interest implies V=0. Then we shall have: 

 R = C = Z (16) 

In this case, the supplier firm is said to be in Economic Equilibrium. 
When the firm is simultaneously with optima l investment and an economic equilibrium we 
shall have: 

 R = C = Z = cE (17) 

where 

 c = e + 2(pk)½  (18) 

As will be explained later, a regulated firm should belong to this particular class. 
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4. Peculiarities of electricity markets 

4.1 The company as a natural monopoly 
It is important to note that the distributi on company (DISCO) owns the electric network 
which allows the physical delivery of E.E. to  the customers. Any other firm wishing to 
compete in the business should construct another network replicating the geographical 
layout of the original one. It is obvious that  the entry of such competitor will decrease the 
overall market efficiency (Kupfer & Hasenclever, 2002). 
In such conditions, the disco has the market power required to impose whatever tariff which 
it has in mind. Clearly, the disco goal is to maximize its economic value added (V). Thus, it 
can be easily concluded that such tariff ought to satisfy: 

 
dR dZ

=
dE dE

 (19) 

Assuming that the company optimizes its inve stments, the equality (19) will lead to: 

 a – ZbE = c (20) 

Then, 

 EM = (a-c)/2b (21) 

and the “monopolistic” tariff will be: 

 TM = (a+c)/2 (22) 

Substituting (21) in the formula of (V), given in Figure 3, we shall have: 

 VM = (1-t)(R-Z)M = (1-t) ((a-c) – bEM) EM = (1-t)((a-c)2/4b) (23) 

4.2 The regulated firm 
It is widely accepted that monopolistic tariffs impose on the customers an unfair weight. 
Being the electricity supply a public service, it should be regulated in order to attain 
maximum generation of social welf are (Beesleyand & Littlechild, 1989). 
As social welfare is a debatable and elusive notion, regulators usually adopt, as a reasonable 
proxy, the quantity (Friedman, 2002): 

 W = S + V (24) 

i.e., the sum of the consumers’ surplus and the value created by the utility, (which was 
called Market Output). Nevertheless, the unconstrained maximization of W leads to 
nonsensical results implying the firm’s collapse. The constrained solution requires that the 
firm be operated in economic equilibrium. Then, for optimum investment, the regulated 
company is compelled to operate satisfying: 

 aE – bE2 = cE (25) 

Thus, leading to: 

 ER = (a-c)/b (26) 
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obtained by zeroing the derivative of Z(E, B) with respect to B: 
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Note that the average price remains constant. 

3.5 The firm in economic equilibrium 
Another condition of interest implies V=0. Then we shall have: 

 R = C = Z (16) 

In this case, the supplier firm is said to be in Economic Equilibrium. 
When the firm is simultaneously with optima l investment and an economic equilibrium we 
shall have: 

 R = C = Z = cE (17) 

where 

 c = e + 2(pk)½  (18) 

As will be explained later, a regulated firm should belong to this particular class. 
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4. Peculiarities of electricity markets 

4.1 The company as a natural monopoly 
It is important to note that the distributi on company (DISCO) owns the electric network 
which allows the physical delivery of E.E. to  the customers. Any other firm wishing to 
compete in the business should construct another network replicating the geographical 
layout of the original one. It is obvious that  the entry of such competitor will decrease the 
overall market efficiency (Kupfer & Hasenclever, 2002). 
In such conditions, the disco has the market power required to impose whatever tariff which 
it has in mind. Clearly, the disco goal is to maximize its economic value added (V). Thus, it 
can be easily concluded that such tariff ought to satisfy: 

 
dR dZ

=
dE dE

 (19) 

Assuming that the company optimizes its inve stments, the equality (19) will lead to: 

 a – ZbE = c (20) 

Then, 

 EM = (a-c)/2b (21) 

and the “monopolistic” tariff will be: 

 TM = (a+c)/2 (22) 

Substituting (21) in the formula of (V), given in Figure 3, we shall have: 

 VM = (1-t)(R-Z)M = (1-t) ((a-c) – bEM) EM = (1-t)((a-c)2/4b) (23) 

4.2 The regulated firm 
It is widely accepted that monopolistic tariffs impose on the customers an unfair weight. 
Being the electricity supply a public service, it should be regulated in order to attain 
maximum generation of social welf are (Beesleyand & Littlechild, 1989). 
As social welfare is a debatable and elusive notion, regulators usually adopt, as a reasonable 
proxy, the quantity (Friedman, 2002): 

 W = S + V (24) 

i.e., the sum of the consumers’ surplus and the value created by the utility, (which was 
called Market Output). Nevertheless, the unconstrained maximization of W leads to 
nonsensical results implying the firm’s collapse. The constrained solution requires that the 
firm be operated in economic equilibrium. Then, for optimum investment, the regulated 
company is compelled to operate satisfying: 

 aE – bE2 = cE (25) 

Thus, leading to: 

 ER = (a-c)/b (26) 
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and then 

TR = c 

4.3 Example of a regulated operation of a firm 
In order to enlighten the disc ussion on monopolist and regulated firms, Figure 6 shows the 
same distribution company supplying the same  customers when operating free (i.e., using 
TM) and when regulated (TR). 
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Fig. 6. Monopolistic and regulated diagra m of economic flow of a given firm. 

Let be an utility and its costumers for the following parameters. 

Firm: 

e = 200 US$/MWh 
p = 3600 US$2/MWh 2 
d = 0,10 
rw = 0,099 
c = 260 US$/MWh 

Customers: 

a = 4260 US$/MWh 

The Impact of Power Quality on the Economy of Electricity Markets   

 

35 

b = 500 US$/MWh 2 
Note: the parameters already given correspond to a stylized albeit of a real medium-size 
utility supplying a cluster of customers, typical of a developing country. 
In such case we shall have: 

Monopolistic 

TM = 2260 US$/MWh 
EM = 4 TWh 

Regulated 

TR = 260 US$/MWh 
ER = 8 TWh 
leading to the diagram of economic flow of Figure 6: 

4.4 The hurdle rate 
We shall assume that every distribution utilit y seeks to maximize its performance, expressed 
as the Result of its exercise Statement. But a question arises: what type of statement is to be 
adopted? 
As was said, there are two basic types, whose results are net profit and economic value 
added, respectively. 
On the other hand, consider a project applicable to the company. We want to know if this 
project is convenient.  
We shall define the hurdle rate (h) as the one for which the project does not change the 
Result produced by the company. 
The hurdle rate can be obtained for both types of statement according to the incremental 
analysis on Figure 7. 
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Fig. 7.  Hurdle rate for economic value added and net-profit statements. 
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and then 

TR = c 

4.3 Example of a regulated operation of a firm 
In order to enlighten the disc ussion on monopolist and regulated firms, Figure 6 shows the 
same distribution company supplying the same  customers when operating free (i.e., using 
TM) and when regulated (TR). 
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b = 500 US$/MWh 2 
Note: the parameters already given correspond to a stylized albeit of a real medium-size 
utility supplying a cluster of customers, typical of a developing country. 
In such case we shall have: 

Monopolistic 

TM = 2260 US$/MWh 
EM = 4 TWh 

Regulated 

TR = 260 US$/MWh 
ER = 8 TWh 
leading to the diagram of economic flow of Figure 6: 

4.4 The hurdle rate 
We shall assume that every distribution utilit y seeks to maximize its performance, expressed 
as the Result of its exercise Statement. But a question arises: what type of statement is to be 
adopted? 
As was said, there are two basic types, whose results are net profit and economic value 
added, respectively. 
On the other hand, consider a project applicable to the company. We want to know if this 
project is convenient.  
We shall define the hurdle rate (h) as the one for which the project does not change the 
Result produced by the company. 
The hurdle rate can be obtained for both types of statement according to the incremental 
analysis on Figure 7. 
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We can see that the hurdle rate depends heavily on the type of statement, that is to say, on 
the Result to be maximized. Substituting r w in Figure 7 (a) for its value in (13) we shall have: 

 A
V A D NP

1 - �Å (1 - �Å)r
h = d + r + �År = h +

1 - t 1 - t
 (27) 

That is to say, the hurdle rate required to comply with economic value added is greater than 
the one for net profit by excess equal to: 

 ��
� s �æ �A

�”
� s �æ �–

 (28) 

Example: 
Let be: d=0,05, rA=0,1595, rD=0,075  and �Å=0,55. Then, rw=0,099 and: 

0,66

0,10875� 
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For the sake of comparison, Figure 8 depicts the accounting statements for the monopolistic 
and regulated operation of the same firm under the hypothesis of leverage factor �Å = 0,55,  
rA = 0,1595 and rD = 0,75. 
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Fig. 8. Net profit statements for the data. 
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Note that L - V is always equal to the equity yield r A.A as appears at the bottom of both 
diagrams of economic flows. 

4.5 The electricity Market Model (M.M.) 
The (M.M.) is obtained by simply joining the two representations already made, as shown in 
simplified form in Figure 9. 
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Fig. 9. The basic Electricity Market Model. 

Now the total diagram can be interpreted as a single system whose input is the value of use 
of the electric energy and whose output is the sum of the consumers’ surplus and the 
company economic value added. 

5. The Insertion of quality in the electricity Market Model 

5.1 Basic considerations 
The approach to power quality is built on the notion of quality event, that is to say, any 
occurrence leading to some imperfection of the product (electric energy) or service (electric 
supply). Quality events are of the most different  nature and consequences. In order to assess 
their effects, (especially for regulatory purposes) each type of event is associated to some 
numeric index of severity. 
As an example, take the important class of events which cause interruptio ns on the electrical 
supply. This type of imperfections is custom arily described by the average (or expected) 
time during which customers are de-energ ized (DTD) and the average frequency of 
interruption (DFD). These are technical indexes which affect both consumers and suppliers. 
The functional dependence between such indexes and their economic impacts may be 
highly complex and heterogeneous. Thus, in order to get a unified and simple picture we 
shall assume that quality can be introduced as an additional cost (CQ) (Arango et al., 2008b, 
Arango et al., 2010), which must be paid by consumers and producers in various 
proportions. 

5.2 The quality cost 
We shall call (CQ) quality cost. The structure of (CQ) will be assumed as: 

 CQ = qE2/Q (29) 
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Note that L - V is always equal to the equity yield r A.A as appears at the bottom of both 
diagrams of economic flows. 

4.5 The electricity Market Model (M.M.) 
The (M.M.) is obtained by simply joining the two representations already made, as shown in 
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Now the total diagram can be interpreted as a single system whose input is the value of use 
of the electric energy and whose output is the sum of the consumers’ surplus and the 
company economic value added. 

5. The Insertion of quality in the electricity Market Model 

5.1 Basic considerations 
The approach to power quality is built on the notion of quality event, that is to say, any 
occurrence leading to some imperfection of the product (electric energy) or service (electric 
supply). Quality events are of the most different  nature and consequences. In order to assess 
their effects, (especially for regulatory purposes) each type of event is associated to some 
numeric index of severity. 
As an example, take the important class of events which cause interruptio ns on the electrical 
supply. This type of imperfections is custom arily described by the average (or expected) 
time during which customers are de-energ ized (DTD) and the average frequency of 
interruption (DFD). These are technical indexes which affect both consumers and suppliers. 
The functional dependence between such indexes and their economic impacts may be 
highly complex and heterogeneous. Thus, in order to get a unified and simple picture we 
shall assume that quality can be introduced as an additional cost (CQ) (Arango et al., 2008b, 
Arango et al., 2010), which must be paid by consumers and producers in various 
proportions. 

5.2 The quality cost 
We shall call (CQ) quality cost. The structure of (CQ) will be assumed as: 

 CQ = qE2/Q (29) 
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In this formula Q represents the capital investment which is devoted mainly to enhance 
power quality. Please note that Q adds to the capital (B) already considered, which is chiefly 
invested on the network size. In this line, Q and B shall be usually referred as “quality” and 
“scale” investment, respectively. 
Of course, more realistic assumptions for the economical impact of quality may be done, but 
the approach above allows obtaining analyt ic answers leading to a better and faster 
understanding of such impact. Otherwise, such analysis gives satisfactory results in a broad 
class of practical problems regarding power quality. 
The electricity market model including quality issues is depicted in Figure 10. 
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Fig. 10. The electricity market model considering Power Quality. 

5.3 The purchasing of polluted energy 
The consumption of imperfect energy is governed by the same principle of surplus 
maximization introduced in section for perfect energy. In the present case we shall have: 

 S = U – R – CQ = (a-T)E – (b/2 + q/Q)E 2 (30) 

Then 
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and 

 S* = ½(b + 2q/Q)E2 (33) 

5.4 Optimizing the investment on quality 
Note that investment on quality Q can be opti mized in the same way that the investment on 
network scale B. Then, we shall have: 
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and 
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leading to an optimized cost 
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where c comes from (18). 

5.5 The regulation of Power Quality 
Power quality regulation adjusts to the following rationale: 
The basic regulated variable is price (i.e., the electricity tariff). Moreover, recall that the main 
goal of regulation is the maximization of social welfare which is attained when the supplier 
company operates at equilibrium, that is to say, with zero economic profit. Additionally, the 
agency requires that the company have “efficient costs and prudent investments”. Such 
criteria are met trough a benchmark procedure, searching for the parameters that should be 
adequate for a virtual or reference company adapted to the real conditions of supply (such 
as area to be served, number of customers, network technology, etc.) while investment of 
capital in quality must be optimal in the sense discussed in 4.3. 
In such conditions, the agency obtains the average tariff by dividing the economic cost by 
the energy to be sold. 
The crucial point of this process is the calculus of the quality cost. Observe that the 
parameter q comes from the reference company and Q* is the optimized capital. We assume 
that the corresponding quality cost C Q is univocally related to the severity index. The index 
value which corresponds to the (CQ*) of the reference company is obtained as the practical 
target to be pursued by the regulated firm. In other words, the agency includes in the total 
cost allowed to the company the CQ* associated with the target index, expecting that the 
customers receive exactly such level of quality. 
If a particular customer is committed to a lesser quality level, the agency will require that 
the firm pay to him (her) a monetary compensation (usually as a discount in the next 
electricity bill) equal to the difference between th e actual and the target cost of quality. This 
implies an effective tariff for which the consumer pays only for the quality level that he or 
she is actually receiving. The process described above is presented in Figure 11. 
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and 

 S* = ½(b + 2q/Q)E2 (33) 
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The crucial point of this process is the calculus of the quality cost. Observe that the 
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that the corresponding quality cost C Q is univocally related to the severity index. The index 
value which corresponds to the (CQ*) of the reference company is obtained as the practical 
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The company parameters in the case outlined are: 
e = 200 US$/MWh  p = 3600 US$2/MWh 2  q = 1600 US$2/MWh 2  d = 0,10   w = 0,099 
Assuming E = 8 TWh the customer parameters come to be: 
a= 4320 US$/MWh  b = 500 US$/MWh 2 
and the optimal investments result in 
B* = 960 MUS$    Q* = 640 MUS$ 
This leads to the flow diagram of Figure 11. In this example the investment in quality is one 
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Fig. 11. Diagram of economic flows of the company when under-invested, with 
compensation. 

Then, the cost CQ is two times of the optimized cost CQ* = MUS$160.  
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But the company is required to return to the customer the difference MUS$320 - MUS$160 = 
MUS$160 as a consequence, the consumer pays as effective tariff equal to 260 US$/MWh, 
which corresponds to the degradated energy which he (she) receives. 
Note that the company in such conditions has a negative V. Thus, compensation also acts as 
a disincentive for underinvestment and a stimulus for optimal use of capital. 

6. Conclusions 

Along the chapter we have laid the foundati ons of an Electricity Market Model, named 
TAROT – Tariff Optimization, which: 
a.  allows for the consumers representation, featuring the surplus th at they draw for the 

purchasing of energy; 
b. considers the basic goal of the regulatory frame, namely the maximization of the social 

value generated by the market transactions; 
c. favors the insertion of the quality levels of supply expressed as quality costs and quality 

improvements as capital investment; 
d. unifies the regulatory frame – initially restricted to a cap-price of the energy 

disregarding its imperfections – optimizing both the scale and the quality portions of 
total invested capital. 

Other applications can be devised on the same lines of thought. Perhaps the main advantage 
of this approach lies in this integrative potential which allows treating problems of very 
diverse nature and characteristics under a unified insight. 
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1. Introduction      

Power quality in public lighting networks is yet not sufficiently studied today. New 
conditions and requirements arise as a consequence of rapid applicatio n of new technologies 
like LED lighting, lighting control and moni toring, adaptive ligh ting systems etc. 
Optimization of reliable and efficient service of public lighting systems can be only achieved 
if behaviour of individual elements within the system are well described.  
For erection, operation and re-construction of public lighting networks it is important to 
have knowledge on behaviour of the networ k in different conditions. Because currents 
primarily depend on the supply voltage, it is essential to analyze electrical parameters not 
only under standard conditions but also under operational conditions. These comprise e.g. 
distorted or regulated voltage supply.  
Non-linearity of electrical parameters of lumi naires seems to have significant influence on 
power quality. In luminaires with conventional ballast, non-linearity is generated by 
discharge lamp as well as choke. The older type of lamp or choke (in aged existing systems), 
the worse characteristics. Luminaires with electronic ballasts do not provide this effect and 
are helpful to maintain “clear” networks. Howeve r, in the field of public lighting, unlike in 
interior lighting with fluorescent lamps for in stance, electronic control gears still do not 
reach any comparative popularity. LED luminaires of diverse quality now intrude the 
market though technology level, as agreed by experts on many forums, do not compete with 
available traditional lighting approaches, is known for unsolved problems and needs a 
series of further developments. From the electrical point-of-view, control gears for LED 
lamps are similar to electronic ballasts. Supply voltage provided by switch-type source is 
rectified first.  Semiconductor components of rectifier act as non-linear elements. Though 
these control gears have to be equipped with filter of harmonics, many LED luminaires still 
lack such circuits.  
For assessment and investigation of power quality characteristics it is indispensable to 
understand the behaviour of individual elements and then the behaviour of network as a 
whole. Distribution network impacts the public  lighting network (via transformer) and vice 
versa. To describe the nature of this two-way influence in details is very complicated, thus 
certain simplifications in order to speed up calculations are applied. For example, nominal 
values of harmonic voltages or currents can be used instead of distorted (non-harmonic) 
characteristics. Or for accurate calculation of steady-state network with discharge lamps 
measured values can be used instead of complicated description of discharge parameters.  
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2. Elements of public lighting networks 

2.1 Luminaires 
Luminaires with discharge lamps (fig. 1 on the left) are the major luminaire types in public 
lighting systems. LED luminaires (fig. 1 on the ri ght) are installed still rarely and in most of 
cases only as experimental or demo projects. Discharge lamp as a non-linear element is 
responsible for deformation of current. Properties of light sources at nominal voltage supply 
are very similar in production of harmonic freq uencies. Fig. 2 depicts V-A characteristics of 
most commonly used lamps in public lighting – compact fluorescent lamps PL-L and high-
pressure sodium lamps. Lamp power has only minimum affect to the shape of V-A 
characteristic. But if the supply voltage is distorted (from ideal sinusoidal curve), 
deformation of characteristic is more than evident; this is a consequence of changes in gas 
ionization inside the lamp’s burner.  
 

Inductor (choke)

 

Fig. 1. Luminaire with discharge lamp and LED luminaire 
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Fig. 2. V-A characteristics of compact fluorescent lamp PL-L (left) and high-pressure sodium 
lamp (right) 

Lamp’s ambient temperature is another factor having a significant influence on gas 
ionization. Low-pressure discharge lamps (i ncluding popular PL-L  compact fluorescent 
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lamps) are particularly sensitive to low temper atures, therefore, installation of luminaires 
with this type of lamps should be carefully deliberated. There exist solutions with “thermal 
cap” on the CFL’s tube cold point (tip of  the lamp) to supress this effect.    
 

Order of 
harmonic 

HPS lamp 
70 W 

HPS lamp 
100 W 

CF lamp  
36 W 

MH lamp  
150 W 

MH lamp  
400 W 

0 0,0 % 0,0 % 0,0 % 0,7 % 0,1 % 
1 100,0 % 100,0 % 100,0 % 100,0 % 100,0 % 
2 0,3 % 0,3 % 0,6 % 0,4 % 0,3 % 
3 18,0 % 18,0 % 21,6 % 17,3 % 13,3 % 
4 0,3 % 0,2 % 0,4 % 0,2 % 0,2 % 
5 4,5 % 3,6 % 2,2 % 3,1 % 2,7 % 
6 0,2 % 0,2 % 0,5 % 0,2 % 0,2 % 
7 3,6 % 3,3 % 3,2 % 2,6 % 1,3 % 
8 0,2 % 0,1 % 0,4 % 0,2 % 0,2 % 
9 1,7 % 1,3 % 1,3 % 0,7 % 0,2 % 

Table 1. Harmonic content of a public lighting luminaire with inductive ballast supplied by 
ideal sinusoidal voltage 

Key: HPS = High Pressure Sodium, CF = Compact Fluorescent, MH = Metal Halide 
Current flowing through a discharge lamp depe nds (besides other factors) on the age of 
lamp. This effect is namely sharp for metal halide lamps. Approaching the end of lamp’s 
life, rectifying effect may occur. Therefore, control gear should be equipped with overload 
protection circuits.  
Table 1 shows that luminaires with magnetic ba llasts generate mainly the third harmonic of 
the current. Values in table 1 have been acquired by measurements of new, duly aged 
lamps, and it is clear that since the begin of operation the direct-current component is 
already present. Compensation of power factor in luminaires with conventional ballast is 
fixed to a particular value and during lifetime of the lamp the system is variably 
undercompensated or overcompensated. 
 

 

Fig. 3. Electronic ballast 
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Situation is different for luminaires with electronic ballasts (Fig. 3) and for LED based 
luminaries (Fig. 1 on the right), where voltage is rectified prior to further modification of 
supply parameters. Here a different spectrum of harmonics can be observed (see table 2). 
Harmonic content depends on properties of harm onic filter, if there is any. For high-quality 
filters the content of harmonics can be decreased down to minimum values. In comparison 
to luminaires with inductive ballasts, harmonic content is not so much influenced by quality 
of power supply.  
 
Order of 
harmonic 

LED luminaire without 
filter of harmonics 

LED luminaire with 
filter of harmonics 

HPS lamp 150 W 
(electronic ballast with 
filter of harmonics) 

0 0,0 % 9,2 % 0,0 % 
1 100,0 % 100,0 % 100,0 % 
2 0,1 % 1,4 % 0,4 % 
3 21,6 % 63,0 % 8,9 % 
4 0,2 % 1,0 % 0,3 % 
5 6,2 % 29,3 % 2,0 % 
6 0,2 % 0,8 % 0,1 % 
7 3,6 % 18,2 % 1,4 % 
8 0,2 % 0,8 % 0,1 % 
9 1,8 % 18,7 % 1,1 % 
10 0,1 % 0,9 % 0,0 % 
11 1,4 % 11,8 % 0,8 % 

Table 2. Harmonic content of a public lighting luminaire with electronic ballast 

In electronic ballasts internal wiring has to fu lfil requirements to avoidance of interference 
with surrounding devices that are operated on higher frequencies. In EU, emissions shall be 
in accordance with the norm EN 55 015.  
Electronic ballasts (EB) used in public lightin g in comparison to similar devices used in 
interior lighting can have circuits for regula tion of output power according to preset 
switching profile (ON-OFF-DIM cycles with re duced power in dimming mode). Electronic 
ballasts cannot be connected to networks with central voltage regulator because decreased 
supply voltage for ballast may malfunction the lighting operation. Light dimming in EB is 
possible thanks to controlled high-frequency oscilator.  
 

 

Fig. 4. Circuit diagram of an electronic ballast 

Power Quality in Public Lighting Installations   

 

49 

Input filter (see fig. 4) limits the efect of current deformation and protects against random 
high-frequency pulses that may appear in supply network (e.g. as a result of switching 
processes). Right to the rectifier bridge there is a coupling capacitor for smoothing of 
rectified voltage. Next stage of signal processing consist of two transistors used to generate a 
high-frequency signal for maximized power. The frequency must be above the range of 
audible sound, i.e. 20 kHz (upper limit lies ab out 100 kHz). Choke is wired in series with 
lamp. Choke is responsible for limitation of current through lamp. Capacitor connected 
parallel to the lamp is used for creation of the ingition voltage.  
 

 

Fig. 5. Circuit diagram of a magnetic ballast 

 

Inductor

Inductor

 

Fig. 6. Behaviour of voltage and current in a discharge lamp 

Magnetic (conventional) ballasts (energy efficiency index EEI = B1, B2, C, D according to 
CELMA) consist of choke, capacitor and starter. Thermal losses are prevailing in this type of 
ballasts. Losses are originated in windings of the choke by flowing currents and also by 
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hysteresis of the core. Level of losses depends on mechanical construction of the ballast and 
wiring of its windings. 
Simple choke is a dominant ballast type for high-pressure discharge lamps. It has single 
winding on a core, due its construction it is si mple and cheap. Choke is connected in series 
with lamp (Fig. 5). Provides only limited regulation possibilities by input voltage. Ignition 
current is very high, thus, the whole circuit must be constructed to withstand such currents. 
During operation of magnetic ballast, non- harmonic currents flow as a result of non-
linearity of the lamp. Fig. 6 shows V-A char acteristics of individual components of a 
luminaire in a steady-state condition. Besides non-linear V-A characteristic of lamp a 
hysteresis of choke is also depicted. This hysteresis also contributes to the resulting 
deformated current flowing through a luminaire.  Compensating capacitor shifts the current 
phase in order to get better power factor. But only phase of the first harmonc is affected, 
higher-order harmonic currents have a phase shift. If this type of ballast has a 20 % content 
of harmonics (related to the first harmonic), th is part of current remains with a phase shift 
and thus energy losses are increased. 
Luminaires with conventional ballasts are us ually equipped with compensating capacitor 
which is used to increase the PF factor and to compensate the reactive power. Values of 
active and reactive power vary during stabilization of discharge (fig. 7). Shortly after switch-
on of luminaire the total current is overcomp ensated, because current flowing through the 
choke and lamp are smaller than nominal current. 
 

   

Fig. 7. Active and reactive power during start-up of the luminaire with inductive ballast 

Measurements of capacitors from outdated roadlighting luminair es (over 30 years of 
operation) showed that the drop is very sm all, practically neglectable. Although these 
capacitors are thermally stressed, measured capacity value was still within the tolerable 
range.  

2.2 Cables 
Cables realize conductive connections between network nodes. Requirements to technical 
parameters of cables used in public lighting systems are established in the norm IEC 60 446. 
These heavy-current leads can be supplied by additional control wires.  
Network lines can have one of these forms: 
�x Overhead conductors  – non-isolated wires on concrete masts or wooden poles 
�x Buried cables  – mainly in city centres or resident ial areas where emphasize is given to 

visual “invisibility” of infrastructures 
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�x Overhead cables combining the easy access for maintenance of overhead lines and 
compactness of cabled wires; these are used for public lighting reconstruction as 
replacement of bare conductors (e.g. to avoid short-circuits caused by winds) or to 
bypass local faults etc.  

Only resistance comes to calculation as an input parameter. Reactance is much lower, therefore 
neglectable. Measurements in a real network with 9 luminaires confirmed low influence of 
reactance. Harmonic content do not vary with cable length (distance from switchboard) but 
only depends on degree of voltage distortion, small differences in characteristics due to the age 
of lamp and deviations of electrical parameters as shown on Fig. 8. 
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Description of the measured lighting system: 
Spacing of light poles: 30 m 
Network type: buried cables 
Material of conductors: aluminium core, 16 mm 2 cross-section 

Fig. 8. Harmonic content versus length of line 
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hysteresis of the core. Level of losses depends on mechanical construction of the ballast and 
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�x Overhead cables combining the easy access for maintenance of overhead lines and 
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Spacing of light poles: 30 m 
Network type: buried cables 
Material of conductors: aluminium core, 16 mm 2 cross-section 

Fig. 8. Harmonic content versus length of line 
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Public lighting systems are supplied by means of  primary leads, terminated in a distribution 
box (Fig. 9) equipped with main fuse, kWh-mete r, lighting control and circuit breakers on 
outputs where secondary network is connected. Secondary side is branched to one or more 
sections. Secondary network is typical for tree-type topology with linear branching, loops 
are constructed only in small number of cases, sometimes formed unintentionally as a result 
of unprofessional maintenance. Burried cables are usually connected directly to pole’s 
terminal block and continue from pole to pole. In some countries, junction of smaller size 
cable by means of T-connector is preferred instead. In case of overhead lines (bare or 
isolated), always an auxiliary wire enters the luminaire, terminated on its terminal block. 
 

Main Circuit 
    Breaker

 

Fig. 9. Public Lighting Switchboard 

Quality of network is determined by several fa ctors like materials of cables or conductors, 
arrangement and fixation of lines, load of cond uctors. Fault rate of lines has a strong impact 
on operational costs because any servicing of buried cables is very time-consuming, 
personnel demanding and therefore expensive.  
Many older systems of public lighting utilize common PEN conductor shared with 
distribution network, e.g. supplying residential houses. This solution is based upon efforts 
to save one wire years ago. Today such approaches are not allowed due to many reasons but 
still there are many older systems operated this way. Shortcomings are evident – overload of 
the PEN conductor and, what is even more important, mutual influence of two otherwise 
separate networks. This problem only concerns overhead lines. If re-construction of lighting 
systems is planned, one of the most important measure is to fully separate the public 
lighting network from distribution network.  

3. Problems in public lighting networks related to power quality 

Insufficient power quality characteristics often do not appear immediately but after certain 
period of time, e.g. after long-term stress of isolation due to overload of conductors. It is 
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therefore very important to know and recogn ize possible difficulties, problems and their 
consequences.  

3.1 Distortion of supply voltage 
Currents flowing through public lighting networks can be calculated from nominal values, 
i.e. current values at ideal sinusoidal voltage. 
 

 

     

Fig. 10. Example of the current wave deformation depending on  supply voltage 
deformation for a luminaire with conventional ballast 

In a real operation, waveform of voltage always  less or more deviates from its ideal shape. 
How this voltage deformation influences to the deformation of current waveform in a 
luminaire, is depicted on Fig. 10. 
 

 

Fig. 11. Emersion of triplen harmonics in the PEN conductor in public lighting networks 
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Increase of voltage distortion results in much higher increase of the current deformation. In 
three-phase networks the content of triplen harmonics may cause significant overload of the 
PEN conductor, leading to degradation of its insulation and consequent cable faults. Fig. 11 
shows the emersion of these currents in PEN conductor.  
Voltage distortion may also be initiated by noise, defined as an undesired broadband 
spectrum signal superponed to the basic harmonic voltage wave. Electronic devices 
generate the major part of noise in networks. Luminaires with conventional ballasts are 
sensitive to the power quality of supply volt age and even small steps are transmitted and 
magnified to the current waveform. Such small variation of voltage can be caused by 
semiconductor regulators, supply source etc. Fig. 12 shows how small noise can impact the 
waveform of current in a luminaire with conventional ballast due to gradient of voltage. 
These small and rapid changes are transmitted via choke to the discharge lamp, influencing 
the gas ionization in its burner. 
 

    

Fig. 12. Influence of the power quality of suppl y source to the waveform of current (supply 
by sinusoidal voltage and supply by voltage with small oscillations) 

Operation of luminaires with electronic ballasts  can help to eliminate flows of non-harmonic 
currents. Smoothing of the current waveform can be performed by means of filters to less or 
more extent, depending on particular requirements. Generally spoken it is impossible to 
obtain again an ideal undistorted waveform. Ex ample is shown on Fig. 13. When current is 
passing through the zero point, small portion of harmonics is not filtered. In this case, 
resulting value of THD I is 10 %. Electronic ballasts in comparison to inductive ballasts 
benefit from almost zero phase shift. Thus, the network do not transmit neither any 
distortion power nor any reactive power. 
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Fig. 13. Waveform of current for a luminaire with  electronic ballast and filter of harmonics  

3.2 Out-of-range voltage 
 

 
 

 

Fig. 14. Voltage at the begin (green) and end (red) of a network branch 
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Increase of voltage distortion results in much higher increase of the current deformation. In 
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Fig. 13. Waveform of current for a luminaire with  electronic ballast and filter of harmonics  

3.2 Out-of-range voltage 
 

 
 

 

Fig. 14. Voltage at the begin (green) and end (red) of a network branch 
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For dimensioning of cross-section of conductors of public lighting lines it is not sufficient to 
take into account solely the load carrying capacity, it is also necessary to check the voltage 
drops. This is particularly crucial for networ ks with central voltage regulators. Combination 
of an excessive voltage drop with decrease of supply voltage may lead to situations when 
discharge lamps located farther from the distribution box will not be able to maintain the 
stability of discharge and stop to lit. This  problem concerns mainly luminaires with 
conventional ballasts and the effect depends on rated lamp power. The higher power the 
longer discharge (given by distance between electrodes in lamp’s burner) and the higher 
voltage needed to keep the discharge in a stable burning state. Electronic ballasts can 
compensate smaller variations of voltage but these are not suitable (or applicable) for light 
dimming by voltage regulation.  
Fig. 14 depicts results of measurement (Fig. 15) of voltage in a network with high-pressure 
mercury lamps (250 W) and buried cables. Topology of the networks is linear and its length 
is 1,5 km. Cable cores are made of aluminium with 16 mm2 cross-section. In this network the 
voltage-related problem is strengthen during start-up of the operation when higher (so 
called starting) currents flow through conducto rs. This moment the luminaires are most 
sensitive to the level of supply voltage. Long tube compact fluorescent lamps PL-L (widely 
used in public lighting systems) at lower temperatures and voltage below 195 V were not 
able to start-up reliably. 
 

 

Fig. 15. Measuring power quality in public lighting network  

3.3 Short-time voltage variation 
Transition effect shown on Fig. 16 was caused by third-party electricity consumer. This 
situation is very dangerous for luminaires because step changes of voltage may induce 
extensive current pulses on choke and/or lamp. It is almost impossible to track the reasons of 
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faults of luminaires or network because there is no continuous monitoring of voltage or 
current. In spite of the fact that these faults are induced to the public lighting network from 
outside, service costs for repair of damaged part of system have to be covered by network 
operator. Passive elements cannot detect such small voltage changes and are therefore helpless 
in protection against them. The only option is limitation of curr ent through network. 
 

 

Fig. 16. Rapid voltage variation which induced a short-time transient effect 

3.4 Incorrectly set voltage regulator 
If a lighting regulator is installed, at the end of longer lines the voltage may drop below the 
range of stable operation even if recommended settings are satisfied. Regulator with smooth 
start-up is a particular case, voltage during op eration of a regulator is shown on Fig. 17.  
 

 

Fig. 17. Output voltage of a regulator 
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If the regulator starts with 210 V at the begin point of a branch (just on output of the 
distribution box with regulator), voltage at th e end point of this line may fall below the level 
of ignition voltage for luminaires with metal halide lamps or compact fluorescent lamps (at 
low temperatures in particular). 

4. Properties of network from the power quality point-of-view 

4.1 Level of voltage and current waveform deformation 
Internal wiring of a luminaire is shown on Fi g. 18. Deformated voltage induces deformation 
of current on two parallel sub-circuits, one wi th capacitor and the other one with choke and 
lamp. 
 

 

Fig. 18. Simplified arrangement of elements of a luminaire with conventional ballast 

Impedance of capacitor is lower for higher-ord er harmonics than for the basic harmonic. If 
internal resistance is neglected, impedance of capacitor is given by the expression as follows: 

 1
CZ

j C�Z
�  (1) 

Description of impedance of the other sub-circuit is more complicated if supplied by 
distorted voltage, because behaviour of electrical parameters is linked to chemical and 
physical processes in filling gas and ability of gas to response to voltage variations what is 
not the subject of this publication.  
The ballast choke has for higher-order harmonic voltages increased impedance and the lamp 
is typical for non-linear resistivity. There is a certain form of memory effect – same level of 
voltage in general do not correspond with the same level of current. If capacity and 
inductance of the lamp (discharge) is neglected, impedance of the choke and lamp can be 
calculated as follows: 

 L vyb L vybZ R j L R�Z�� � � � � � (2) 

Situation for luminaires with electronic ballast  or switch-type source is different. Behaviour 
is determined by V-A characteristics of rectif ying diods. Resulting characteristics of the 
current can be determined on the basis of calculated or measured impedance as portion of 
voltage and impedance for individual harmonics. 
But if it is not possible to determine the func tion describing the luminaire’s impedance, one 
of the ways how to describe the influence of distorted voltage to problems appearing in 
public lighting networks – is to use measured values. 
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Higher order harmonics 
of voltage 

Higher order harmonics of current  [%] Basic 
harmonic 

n [%] [V] 1 2 3 4 5 6 7 8 
220    100 0,3 16,7 0,3 4,5 0,3 3,7 0,4 
220 2 2 4,2 100 5,6 16,5 0,3 4,5 0,4 3,7 0,5 
220 3 5 10,5 100 0,2 13,8 0,3 4,4 0,4 3,5 0,3 
220 4 1 2,1 100 0,2 16,6 7,6 4,5 0,3 3,5 0,1 
220 5 6 12,6 100 0,1 17 0,2 69,6 0,3 3,7 0,2 
220 6 0,5 1 100 0,2 16,7 0,2 4,4 5,8 3,7 0,3 
220 7 5 10,5 100 0,2 16,8 0,1 4,4 0,3 76,9 0,3 
220 8 0,4 0,8 100 0,2 16,5 0,3 4,5 0,4 3,7 8,6 
220 9 1,5 3,1 100 0,2 16,8 0,1 4,5 0,2 3,3 0,3 
220 10 0,4 0,8 100 0,3 16,6 0,2 4,5 0,2 3,4 0,1 
220 11 3,5 7,4 100 0,2 16,7 0,1 4,5 0,2 3,3 0,2 

 
Higher order harmonics 

of voltage 
Higher order harmonics of current  [%] Basic 

harmonic 
n [%] [V] 9 10 11 12 13 14 15 16 

220    1,7 0,3 1,2 0,1 1,0 0,1 0,7 0,2 
220 2 2 4,2 1,5 0,3 1,3 0,2 1,0 0,2 0,6 0,1 
220 3 5 10,5 1,8 0,3 1,4 0,4 1,0 0,3 1,0 0,3 
220 4 1 2,1 1,8 0,1 1,4 0,2 0,8 0,1 0,8 0,1 
220 5 6 12,6 1,7 0,1 1,7 0,2 1,0 0,2 0,9 0,2 
220 6 0,5 1 1,9 0,4 1,1 0,3 1,0 0,2 0,9 0,2 
220 7 5 10,5 1,7 0,2 1,4 0,2 1,4 0,2 1,4 0,3 
220 8 0,4 0,8 1,4 0,4 1,4 0,4 1,2 0,3 0,5 0,3 
220 9 1,5 3,1 30,1 0,4 1,9 0,5 0,9 0,4 0,8 0,1 
220 10 0,4 0,8 1,9 10,8 1,5 0,6 0,5 0,6 0,9 0,3 
220 11 3,5 7,4 2 0,4 93,6 0,6 0,9 0,2 0,1 0,2 

 
Higher order harmonics 

of voltage 
Higher order harmonics of current  [%] 

Basic 
harmonic 

n [%] [V] 17 18 19 20 21 
Sum of odd triplen 

harmonics 
220    0,6 0,2 0,6 0,2 0,6 19,7 
220 2 2 4,2 0,7 0,2 0,5 0,2 0,6 19,2 
220 3 5 10,5 0,5 0,2 0,8 0,3 0,4 17,0 
220 4 1 2,1 0,6 0,1 0,6 0,2 0,6 19,8 
220 5 6 12,6 0,2 0,3 0,6 0,2 0,4 20,0 
220 6 0,5 1 0,5 0,2 0,6 0,2 0,6 20,1 
220 7 5 10,5 0,5 0,3 0,8 0,2 1,1 21,0 
220 8 0,4 0,8 0,8 0,2 0,7 0,3 0,5 18,9 
220 9 1,5 3,1 0,7 0,3 0,5 0,5 1,2 48,9 
220 10 0,4 0,8 0,8 0,4 0,5 0,2 0,7 20,1 
220 11 3,5 7,4 0,7 0,2 0,7 0,2 1,6 21,3 

Table 3. Influence of the voltage waveform deformation on current waveform deformation 
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Higher order harmonics 
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Higher order harmonics of current  [%] Basic 
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Table 3. Influence of the voltage waveform deformation on current waveform deformation 
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Influence of distorted voltage can be evaluated from partial deformations. Table 3 is an 
illustration of measured values of distorted curre nt when luminaire with inductive ballast is 
supplied by voltage distorted within the limits prescribed  by the EN 50 160 standard. 
During performance of individual measurements the basic  harmonic frequency was 
distorted by superposition of on ly one harmonic of higher or der. From measurement results 
follow that even if the voltage satisfies requirements of the norm regarding acceptable range 
of distortion, deformation of the current waveform is too high. Highlighted values in table 3 
point to the case when a voltage harmonic influences the same harmonic of current. Sum of 
odd triplen harmonics of current for 9 th harmonic of voltage exceeds 33 % (separatedly 
highlighted in the table) and in three-ph ase systems may cause increased overload of 
neutral wire in comparison to phase wires.  
It can be concluded that limit values of voltage deformation cause significant current 
deformation. However, due to voltage derivation in particular time periods it is not possible 
to sum up deformations caused by individual single harmonics.  

4.2 Starting current 
To describe the behaviour of current during start-up as well as operation is too complicated 
as its waveform depends on several varying factors. Some of them vary with the age of 
luminaire (and its relevant parts), some with time of start-up, some depend on supply 
voltage and some are influenced by temperature etc. Start-up current can be easily measured. 
 

 

Fig. 19. Pulse start-up current in a luminaire with conventional ballast and 400 W metal 
halide lamp 

This current can reach several tenths of ampers. Start-up duration depends on lamp type 
and if the start-up begins from cold state or warm lamp after e.g. mains interruption. For 
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metal halide lamps it is particularly important to allow the lamp cool down before attempts 
to start again. Start-up of luminaires with co nventional ballasts may invoke high pulse start-
up current or high re-ignition current s after short-time mains interruption. 
Pulse current may occur first of all in luminaires  with inductive ballasts. In luminaires with 
electronic ballast or switch-type source no pulse current is emerged. Transient phenomena 
are invoked by switching of discharge lamp throug h a choke. As it can be seen on fig. 19, 
pulse current may reach multiples of nominal current and lasts up to several periods.  
With the age of metal halide lamps the rectifyi ng effect is continuously increasing and 
therefore also the direct current component of the transient process. If the voltage in 
network is low or if discharge lamps come clos e to their end of life, due to unstability of arc 
the repetition of pulse current appearence in short periods of time may cause serious 
problems in network. 
  

   

Fig. 20. Pulse re-ignition current in a lumina ire with conventional ballast and 400 W metal 
halide lamp  

Hot start-up of discharge lamps after short-time interruptions of voltage supply invoke, in 
general, different currents than during normal  start-up. These characteristics depend on 
lamp type as well as choke. Re-starting current after voltage interruption is generally much 
higher than steady-state current in normal operation, as illustrated on fig. 20. Power factor is 
much worse as well because current flows only through the compensating capacitor. This 
situation may last as long as the gas in lamp’s burner cools down. The duration depends on 
chemical composition of gas and may be up to 15 minutes.  
Similar kind of problem may arise if a luminaire with fault lamp is continued to operate. 
Then its capacitor remains permanently connected to the network and contributes to the 
aggravation of power factor. This is a long-lasting problem in public lighting networks.  
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5. Model of public lighting network 

5.1 Algorithm 
Model of public lighting network is based on the method of loop currents. Luminaire as a 
non-linear consumer is substituted by a current source. Flow direction of this current source 
runs from positive to negative pole. Calcul ation of the steady state and determination of 
voltages in nodes of the network is processed by iterations. First step is to assume the same 
supply voltage on terminals of all luminaires. Current flowing through luminaire at given 
supply voltage is then measured and used to define the current source which will substitute 
a luminaire. Voltage values are determined in th e next step. The iterations are then repeated 
until deviations are smaller than pre-defined boundary condition. 
This model based upon substitution of luminaires by current sources seems to be the most 
suitable and practically appliable method for analyses of steady-state public lighting 
networks due to its simplicity because mathem atical description of non-linear luminaire is 
overcomplicated. Assumptions of the model comprise single supply source and tree-
structure of the network what is the prevaili ng situation in public lighting systems.  
 

 

Fig. 21. Algorithm of calculation of st eady-state public lighting network 
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5.2 Impedance of lines 
In the framework of initial calculation, matrix of the line impedances vZ  is to be assembled. 
It is a rectangular matrix of n n�u  dimensions where n  is the number of luminaires in 
network.  
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The iiZ  element stands for impedance through which the i th current loop is closed. If the 
shortest current loops are chosen, what means that current loops have common current 
sources only, then for single-phase network the matrix vZ  is diagonal and the ijZ element 
only appears in three-phase networks. An element apart from di agonal is a sum of 
impedances that are common for the ith and jth current loop. Fig. 22 shows an example of 
single-phase network and similarly fig. 23  shows example of three-phase network with 
impedances through which loop currents are closed as well as the manner how loop 
currents are determined.  
 

 

Fig. 22. Equivalent diagram of a network with current sources as substitutions of luminaires 
(example of a single-phase network) 
 

 

Fig. 23. Equivalent diagram of a network with current sources as substitutions of luminaries 
(example of a three-phase network) 
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Elements on the diagonal of matrix vZ  can be calculated using the following formula: 

 ii Fi NiZ Z Z� ���¦  (4) 

where  iiZ  - line impedance through which the i th loop is closed 

FiZ  - phase conductor impedance through which the i th loop is closed 
 NiZ  - neutral conductor impedance through which the i th loop is closed 
If minimum loop currents are defined then in three-phase networks the elements  vZ  apart 
from diagonal only consist of the neutral co nductor impedance common for several loops.  

 ij Ni jZ Z� �¦  (5) 

where  NiiZ  - impedance of neutral conductor common for i th and jth loop 

5.3 Loop currents 
Direction of current flows in network and a ssumed direction of current loops used for 
calculations are indicated on fig. 22 and 23. The loop current method does not allow to pass 
more than one loop current through a current source due to linear dependant equations 
describing the network. In the public light ing network model, however, the currents are 
known and the system of equations has a single solution. In zero step of iteration it is 
assumed that luminaires are supplied by equal level of voltage. Currents are consequently 
measured at the specified voltage. If currents flowing through luminaires are known, it is 
possible to calculate currents in lines in the zero step. Currents in phase conductors are in 
fact loop currents entering the calculation of vo ltages and the calculation is processed from 
the end of tree structure where only current from a single luminaire flows. 

 si pziI I�  (6) 

where siI  - current in i th loop 
  pz iI - current flowing through i th luminaire. 
Remaining loop currents are calculated as sum of currents flowing through those luminaires 
that are supplied via line of the given loop.  

 si pzI I� �¦  (7) 

5.3 Network node voltages 
Voltages related to a loops can be calculated by multiplication of the matrix of line 
impedances with the matr ix of loop currents.  

 .v ssU Z I�  (8) 

Rewriting the equation above into matrix form we obtain: 
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Network node voltages can be then calculated from the matrix of voltages related to loops. 
The matrix element sU  represents a voltage difference on ith luminaire and voltage in node 
from which the i th luminaire is supplied. 

 si napi iU U U� ��  (10) 

5.4 Model outputs 
The model provides these main outputs: 
�x Voltage on teminal blocks of luminaires : these values allow to investigate if operation 

of the network do not induce voltag es that may damage luminaires. 
�x Currents flowing through the network : these values allow to determine the backward 

impact of public lighting network on the supply network. It also allows to determine 
the current in neutral conductor which is oft en overloaded in three-phase networks.  

Voltage and current values can be then used for calculation of parameters defining the 
distortion of voltage and power flows in the network.  
Because calculations are based on iterations, it is suitable to use software tools (see fig. 24).  
 

 

Fig. 24. Software for calculation non-harmonic voltages and currents in public lighting 
network 
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1. Introduction 

The random load variation, as in case of the arc furnaces, determines random voltage 
variations at the supply bus-bars., the can affect the power quality delivered to other 
customers, supplied by the same bus-bars [1-3]. The voltage flicker level, sensed by the 
human eye as variations of the light sources flux is determined using the flickermeter, which 
considers the irritability sensation of the hu man eye when a threshold level of the supply 
voltage is exceeded. 
To quantify the amplitude of such disturbanc e, reference is made to the instantaneous 
flicker sensation S(t). The value of S(t) is measured by means of an instrument, the so-called 
flickermeter. The setting-up of the flickermeter  model is done in Simulink, the simulation 
tool, in the MATLAB environment.  The main advantage of this software product is that it 
makes it possible to support an object programming procedure, with a circuit representation 
obtained by means of graphic blocks associated with the different power system 
components. 
The flickermeter model is a conventional analog one, in agreement with the models 
proposed in current standards that of the necessity to comparative analyses between 
innovative equipment and conventional archit ectures, whose disturbances were measured 
using analog instruments [4]. 
The present paper deals with the case study of an existing ac arc furnace facility. The 110kV 
monitoring campaign was conducted using the ION 7600 equipment. The main power 
quality indices regarding harmonics and flicke r levels are reported in the paper with 
reference to IEEE standards. 
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1. Introduction 

The random load variation, as in case of the arc furnaces, determines random voltage 
variations at the supply bus-bars., the can affect the power quality delivered to other 
customers, supplied by the same bus-bars [1-3]. The voltage flicker level, sensed by the 
human eye as variations of the light sources flux is determined using the flickermeter, which 
considers the irritability sensation of the hu man eye when a threshold level of the supply 
voltage is exceeded. 
To quantify the amplitude of such disturbanc e, reference is made to the instantaneous 
flicker sensation S(t). The value of S(t) is measured by means of an instrument, the so-called 
flickermeter. The setting-up of the flickermeter  model is done in Simulink, the simulation 
tool, in the MATLAB environment.  The main advantage of this software product is that it 
makes it possible to support an object programming procedure, with a circuit representation 
obtained by means of graphic blocks associated with the different power system 
components. 
The flickermeter model is a conventional analog one, in agreement with the models 
proposed in current standards that of the necessity to comparative analyses between 
innovative equipment and conventional archit ectures, whose disturbances were measured 
using analog instruments [4]. 
The present paper deals with the case study of an existing ac arc furnace facility. The 110kV 
monitoring campaign was conducted using the ION 7600 equipment. The main power 
quality indices regarding harmonics and flicke r levels are reported in the paper with 
reference to IEEE standards. 
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2. AC Furnace 

The ac furnace, from the system operator point of view, is a highly polluting load: the real 
and imaginary power variations necessary fo r the network causes severe harmonics and 
voltage flicker such that the system operator must establish limits for the disturbances 
generated by the load. Independently from the type and amplitude of the admissible 
disturbances, the critical point in analyzing the electrical perturbation of an ac arc furnace is 
constituted by the high voltag e bus, where the network operator evaluates the conformity 
with the contractual parameters. These parameters are stipulated by standards [5].    
Fig. 1 shows the layout of an ac arc furnace supply system. As it can be seen, the 
intermediate voltage level is of high importance due to the fact that here the filtering 
processes occur.   

 

AF 
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HV 

Filtering 
systems

MV 

 
Fig. 1. AC arc furnace connection layout 

The power quality evaluation considering the voltage flicker impact is evaluated in 
accordance with [3]: 
- considered data correspond to a week observation period; 
- every 10 minutes consecutives values of the short-term voltage index are analyzed; 
- the values obtained when the bus voltage is outside the range V�r15% or when voltage 

sags with depth higher or equal to 15% of the rated voltage are considered not valid; 
- the index Plt is computed considering 12 valid and consecutives values of the Pst; 
- the number of valid values, N, of Plt measure is determined; 
- the number, N1, when Plt exceeds unity is determined; 
- the condition N1/ N �d 0,05 is checked. 

3. UIE Flickermeter 

Since, from the point of view of analyzing the signal, the flicker is a low-frequency 
modulation of the network voltage at 50 Hz, the purpose of the flickermeter is to separate 
the carrier from the modulating wave, weight  the effects of the latter based on human 
sensitivity to the disturbance, and return the instantaneous flicker sensation signal. 
In the history of electronics, many kinds of architecture have been used to create such 
instruments. Some of them are based on analog filtering of the voltage at the common point of 
coupling in order to extract the instantaneous disturbance level and apply it to a predefined 
weighting curve (shown in Fig. 2) for weighting its incidence and ascertaining its severity. 
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Fig. 3 shows the layout of the UIE flickermeter, a standardized instrument for measuring the 
flicker obtained by simulation and by stochast ic analysis of the response of the lamp-eye-
brain chain to voltage fluctuations. 
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Fig. 3. General layout 

The input signal consists of the 50 Hz network on which flicker is superimposed in the form 
of amplitude modulation and enters Block 1,  the so-called “normalization block”, after 
which a transformer reduces its voltage level to values compatible with the electrical 
specifications of the electronic components located downstream.  
Block 1 contains a signal generator for checking the flickermeter setting in the field and a 
circuit for normalizing, at the internal referenc e level, the rms value of the input voltage at 
network frequency. 
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The input signal consists of the 50 Hz network on which flicker is superimposed in the form 
of amplitude modulation and enters Block 1,  the so-called “normalization block”, after 
which a transformer reduces its voltage level to values compatible with the electrical 
specifications of the electronic components located downstream.  
Block 1 contains a signal generator for checking the flickermeter setting in the field and a 
circuit for normalizing, at the internal referenc e level, the rms value of the input voltage at 
network frequency. 
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In this way, flicker measurements are made independent of the actual input voltage, whose 
variations ( �' V) are expressed as a relative value of   the rated voltage �¦ V/ Vn. This function 
is obtained by acting on the gain of an amplif ying stage by means of a suitable control signal 
obtained for comparison between the effective output voltage value and a reference signal. 
The subsequent blocks (from 2 to 4) react to the signal by simulating the behavior of the 
lamp-eye-brain chain. 
Block 2 is a quadratic demodulator for separating the modulating fluctuation ( �' V) from the 
carrier wave (network frequency). Block 3 consists of two filters in cascade and by a scale 
selector of the sensitivity that may precede or follow the selection filter circuit. The first filter 
eliminates from the output voltage of the quadratic demodulator the dc component and that 
of the dual frequency in respect of network freq uency. The second filter, centered at 8.8 Hz, 
imposes the form of the response in flickermeter frequency on the modulating fluctuation. 
The “weighting filter” block simulates the response in frequency on the sinusoidal 
fluctuations in the voltage of the chain consisting  of a lamp filled with inert gas with a spiral 
filament (60 W-230 V), followed by the human ey e. The response function is based on the 
perceptibility threshold ascertained, for each frequency, out of 50% of the persons taking 
part in the experiment. 
The structure of the flickermeter may be represented through the transfer functions 
contained in the block diagram in Fig. 4. 
This condenses all the signal manipulations required for obtaining in exit the trend of the 
instantaneous flicker disturbance in accordance with the information supplied by the 
current standard [4]. In addition, this diagra m considers the steps necessary for setting up 
efficient electronic implementation.           
�x Block A has the dual function of expressing the instant input voltag e as a p.u. value and 

that of simulating the behavior  of the quadratic demodulator; 
�x Block B has the job of cutting off the dc voltage component, eliminating the signal of the 

carrier wave and the high-frequency fluctuat ions found at the exit of the quadratic 
demodulator; 

�x Block C simulates the response in the frequency of the human eye to the voltage 
fluctuations of an incandescent lamp supplied by a variable sinusoidal voltage; 

�x Block D squares the signal exiting from Block C by simulating the non-linear perception 
of the flicker in the eye-brain chain; 

�x Block E is a low-pass filter that performs the smoothing action. 
In Fig. 5 we find implementation of the function alities of Block A, in Fig. 6 those of Block B, 
in Fig. 7 those of the Butterworth filter, in Fig. 8 those of Block C, in Fig. 9 those of Block D, 
and in Fig. 10 those of Block E.  
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Fig. 4. Block diagram of the flickermeter simulated with Simulink 
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Once we have obtained the trend in respect of the instantaneous flicker sensation, we have, 
from the latter, to calculate the indices that make it possible to evaluate the severity of the 
disturbance injected into the network [4]. 
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Fig. 10. Diagram of Block E 

Fig. 11 shows the voltage waveform at the Block 1 output for a sinusoidal waveform of the rms 
voltage (Fig. 11(a)) and respectively for a square waveform (Fig. 11(b)).  Outputs of the Block 2 
for the two considered waveforms are shown in  Fig. 11(c) and respectively Fig. 11(d).  
The waveforms of the voltages at the output of  the Block 3 are shown in Fig. 11(e) and Fig. 
11(f). The outputs of the Block 4 are representative for the instantaneous flicker sensation 
and must be reported to the irritability curve of the human eye. These waveforms are 
illustrated in Fig. 11(g) and Fig. 11(h), [6]. 
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7. Conclusion 

Recent changes in standards and technology have made it possible to produce a 61000-4-30 
Class A power quality instrument at a very low cost. This could lead to having a Smart Grid 
system on the factory floor. 
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1. Introduction 

With the latest technological advances in the area of monitoring, protection and control 
systems, together with the availability of digital communication technologies, the power 
utilities have been requested to deliver a greater amount of specific information to a broad 
range of users such as customers, grid operators, regulation agencies and market 
operators. 
The power systems make use of permanently installed, integrated, measuring devices that 
collect, measure, and evaluate one or more characteristic parameters with the intention of 
automatically determining and reporting the stat us of the monitored system (Mackrell et al, 
2010). Information provided by the real-time monitoring system enables the right decisions 
to be made for improving security, reliability and performance of the networks. 
Relay devices form a major part of all monitoring, protection and control systems. These 
protection relays are multifunctional devices, primarily employed to provide related 
equipment and system protection , and more recently, they have been adapted to assist the 
power quality evaluation of power systems.  
Power quality defines an acceptable set of limits that allow power systems and ultimately 
the equipment-user to operate within their intended manner with efficiency and expected 
life span. Power quality deviation refers to a wide variety of electromagnetic phenomena 
that characterizes the voltage and current at a given time and at a given location on the 
power system (IEEE Std. 1159, 1995). An electromagnetic phenomenon is a disturbance that 
may cause variation on voltage and current rm s, frequency and waveform that degrade the 
performance of a device, equipment, process or system. 
Sometimes power quality can be affected by transient phenomena such as system fault 
occurrence such as voltage interruption, voltage sag and voltage swell. The protective relays 
are designed to operate reliably when there are faults in the power system. The relay device 
must trip on detection of any fault conditio n and must not trip during normal operating 
conditions. When the fault is cleared by a relay device, quite often the supply voltage will be 
restored automatically to its normal operating level. The relay can therefore contribute to 
restoring the voltage quality of the power system. Protection relaying is primary concerned 
with clearing faults while power quality is co ncerned with the delivery of reliable power to 
defined quality standards (Cease and Kunsman, 2003). 
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1. Introduction      

In this chapter, various power quality problems created by the widespread use of 
conventional diode bridge rectifiers and line-commutated AC/DC converters have been 
discussed. The impact of these problems on the health of power systems and working of 
sensitive equipments has also been discussed. Need for addressing these burning power 
quality issues has been emphasized. Recent trends of addressing these issues have been 
briefly discussed. A new breed of improved power quality AC/DC converters has been 
discussed in details. Development of various topologies and state-of-art of this breed of 
converters has been discussed briefly. The state-of-the-art multilevel converters used as 
improved power quality converters have been covered in this chapter with emphasis on 
three-level neutral-point clamped converters. This converter has been investigated for 
improved power quality and various simulation results have been presented to prove their 
effectiveness in terms of excellent power quality like nearly unity input power factor and 
negligible harmonic distortion of source curren t. The simulation results have been obtained 
with sinusoidal PWM and sapce-vector PWM modualtion algorithms. Simulation restls have 
been validated through experimental results wh ich are obtained on a three-level converter 
by real-time implementation of space-vector  PWM technique using a real-time DSP board. 
The performance investigation of the converter proves the effectiveness of three-level 
converter in elegantly addressing the burning po wer quality issues.    We know that power 
systems are designed to operate at frequencies of 50 or 60 Hz. However, certain types of 
loads produce harmonic currents in the power system. The power system harmonics are not 
a new phenomenon. Concern over harmonic distortions has ebbed and flowed during the 
history of electrical power systems. Traditio nally the saturated iron in transformers and 
induction machines, electric arc furnaces, welding equipment, fluorescent lamps (with 
magnetic ballasts), etc. have been responsible for the generation of harmonics in electric 
power systems. Most of these equipments also cause the flow of reactive component of 
current in the system. In recent years, many power electronic converters utilizing switching 
devices are being widely used in domestic, commercial and industrial applications, ranging 
from few watts to MWs. However these conver ters suffer from the drawbacks of harmonic 
generation and reactive power flow from  the source and offer highly non-linear 
characteristics. The generation of harmonics and reactive power flow in the power systems 
has given rise to the ‘Electric Power Quality’ problems. Any significant deviation in the 
magnitude of the voltage, current and frequency,  or their waveform purity may result in a 
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1. Introduction 

The usual operations on the distribution netw ork such as switching loads and circuits, the 
proliferation of power electronic equipmen t and non-linear loads and the distributed 
generation with renewable energy are several of the most common causes that are leading to 
an increasing polluted power system in  terms of voltage signal distortion. 
One way of improving the power quality (PQ) parameters consists of analyzing these 
disturbances efficiently and understanding them deeply (D ugan, 2000) and PQ monitoring 
is one major task in order to achieve it. PQ monitoring is not an easy task usually involving 
sophisticated hardware instrumentation and software packages. Many recent approaches in 
PQ monitoring try to achieve it through the automated classification of different 
disturbances. 
The different approaches in this field lead thei r efforts in two directions, the main parts that 
form an automated classification as depicted in Fig. 1. The first make focus to obtain a 
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Fig. 1. Automated classification scheme 

suitable pattern that allow distinguish clearl y each disturbance, by the use of signal 
processing tool. Among existing  signal processing tools the Fourier Transform (FT) results 
inadequate for analysis of non-stationary events and Short-Time Fourier Transform (STFT) 
although improves this drawback, it does no t achieve good resolution in both time and 
frequency. Nowadays time-frequency transforms are used to get feature extraction, such as 
Wavelet transform (WT) (Santoso, 1994) and S-transform (ST) (Dash, 2003). WT extracts 
information from the signal in time and fr equency domains, simultaneously, and provide 
greater resolution in time for high frequency components of a signal and greater resolution 
in frequency for the low frequency components  of a signal. The ST can conceptually be 
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interpreted as a hybrid of STFT and WT. It uses variable window length and, by using the 
FT kernel, it can preserve phase information during the decomposition (Stockwell et al., 
1996). The frequency-dependent window produces higher frequency resolution at lower 
frequencies, while at higher frequencies, sharper time localization can be achieved. 
The second approach is oriented to use a classifier able to assign each disturbance correctly 
in its class, so the most of the artificial intelligent techniques have been combined with WT 
or ST, as Artificial Neural Networks (ANN), Decision Tree Fuzzy Logic, Hidden Markov 
Model, Support Vector Machines, etc. 
In this chapter two different classification sy stems have been developed, using the WT and 
ST for pattern extraction, and an ANN as classifier algorithm. 
The features obtained from WT are not completely distinctive and it is necessary to add 
features that give clear information about th e signal magnitude. The real mean squared 
(RMS) value of the voltage signal have been obtained to achieve it. 
On the other hand, the features obtained from ST analysis are sufficient to achieve a pattern 
that can properly classify the disturbances. In order to increase accuracy, simplicity and 
reliability, this chapter proposes a reduced and simple set of features extracted from the ST. 
Even in the presence of complex disturbances with different levels of noise, these features 
characterize the signals in a suitable way. 
This chapter is organized as follows. In the second section the time-frequency transforms 
used in power quality are presented, particul arly the WT and ST, and the obtaining pattern 
using these two transforms. A brief description of ANN used as classifier algorithm used in 
this chapter is given in section three. In section fourth the classification results obtained 
using the resulting classification system are presented. These systems are checked by signals 
obtained from electric power simulation in se ction fifth. Finally, conclusions are presented. 

2. Time-frequency transforms and obtaining pattern 

2.1 Fourier transform 
The most used classical signal processing is the FT. This transform represents a signal as a 
sum of sinusoidal terms of different frequencies, named the frequency spectrum. This 
technique is suitable for stationary signals, but it is not efficient when the signal contents 
short-term transient disturbances. 
In order to solve this drawback, a technique based on the FT is applied to short time 
intervals. This method is know n as “Short Time Fourier Transform” (STFT), and consists of 
analyzing by the FT a sliding window of the signal. It is not possible reaching a good 
resolution in time and frequency simultaneous ly, and therefore it is necessary to adopt a 
compromise solution between the frequency and time resolutions. 
The STFT is obtained by choosing a sliding window (short time interval) where the FT is 
applied. For narrow windows (or short time inte rvals) a good time resolution is obtained, 
suitable for short-term transients; on the other side a relative wide window enables a good 
frequency resolution but gives inaccurate time resolution. 
Therefore, the problem lies in the fact that the window width is a parameter that must be 
fixed before analyzing the signal, before knowin g what resolution is more suitable. At last, 
the total number of operations for computing STFT is N�l̃ogN. 

2.2 Wavelet transform 
Wavelet analysis is a powerful tool widely used in many scientific applications, especially in 
transient, non stationary, or  time-varying situations. 
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A wavelet can be considered as a small wave which has its energy concentrated in time, and 
fits certain mathematic properties (Burrus et  al., 1998). Fig. 2 shows three examples of 
wavelet. 
 

Fig. 3. Three examples of wavelet 

The mother wavelet �\ (t) can be scaled and translated in the time, generating a family of 
functions  named the wavelet expansion set (Wavelet system): 

 2
, ( ) 2 (2 )j j

j k t t k� \ � \� ��  (1) 

A function f(t) can be expressed as a linear decomposition of this wavelet system as follows: 

 , ,( ) ( )  ,  ,j k j kf t c t j k Z�\� �•�¦  (2) 

where j and k  are integer indices, cj,k  are real coefficients, and �\ j,k(t)  is the expansion set. The 
set of expansion coefficients cj,k  is called the wavelet spectrum of the function f(t). 
If the wavelet expansion system is orthogonal, then: 

 , , or      ( ), ( ) 0j k l mj l k m t t� \ � \�z � z � Ÿ �  (3) 

where < > denotes the inner product defined as:  

 , , , ,( ), ( ) ( ) ( )j k l m j k l mt t t t dt� \ � \ � \ � \� �˜�³  (4) 

When the expansion wavelet system is orthogonal the Wavelet spectrum can be computed 
as follows: 

 , , ( ) ( )j k j kc t f t dt�\� � ˜ � ˜�³  (5) 

The index j is related with the frequency and the index k with time. 
In practical applications a minimum frequency have to be established. 
For a mother wavelet a basic scaling function �M(t) is defined. A set of scaling functions is 
defined in terms of integer translates of �M(t) by 

 ( ) ( )k t t k�M �M� ��  (6) 

A two-dimensional family of sca ling functions can be defined by scaling and translation by 
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1. Introduction    

The quality of energy depends on the loads and their sensitivity to supply voltages 
variations. The loads being more sophisticated, the voltage disturbances become very 
expensive for the industrialists in term of loss of production and damage of materials.  A 
universal solution for improving power qualit y in the network and protecting sensitive 
loads can be used by combination of the series – parallel active power filters called Unified 
Power Quality Conditioner (Han et al., 2006 - Khadkikar et al., 2005 - Reza et al., 2009). It is a 
versatile device that can compensate almost all types of perturbations such as voltage 
harmonics, voltage unbalance, voltage flicker, voltage sag and swell, current harmonics, 
current unbalance, reactive current, etc. A typical configuration of UPQC is shown in fig. 1.  
This paper is focused on voltage sag and along with current and voltage harmonics 
compensation based on fuzzy hysteresis band control. Initially, the equivalent circuit of the 
UPQC is presented. The control algorithm for parallel active power filter (PAPF) is 
discussed in section 3 and the control algorithm for series active power filter (SAPF) is 
discussed in section 4. The UPQC performances will depend on the design of power 
semiconductor devices, on the modulation technique used to control the switches, on the 
design of coupling elements (the decoupling inductance Lf for shunt part, the filter 
parameters Lfs -Cfs for series part and the DC link capacitor value Cdc), on the method used to 
determine active filters current and voltage references and on the dynamics and robustness 
of current and voltage control loops. For the PAPF, the standard instantaneous p-q 
algorithm is used to determine current refere nces (Fujita & Akagi, 1998 - Mekri et al., 2006). 
Among various PWM techniques, hysteresis fixed band current control is popularly used 
because of its simplicity of implementation . This known technique does not need any 
information about system parameters and has the disadvantage of uncontrolled frequency. 
As a result, the switching losses are increased and current sources contain excess ripples. 
The current controller performances can be improved by using adaptive control system 
theory (Rahman et al., 1997- Tzou & Shiu, 1998). An adaptive hysteresis band current control 
PWM technique can be programmed as a function of supply and APF parameters in order to 
maintain a fixed modulation frequency. Unfortunately, adaptive control is very sensitive to 
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