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Preface

This book contains three sections. Section 1 Stability Control and Reliable Performance of
Wind Turbines – Modelling, Stability, and Control of Wind Turbines and Section 2 Stability
Control and Reliable Performance of Wind Turbines – Assessment, Reliability and Prospects
of Wind Turbines. Many authors with sound academic and industrial experience in the field
of wind turbine technology have contributed to this book, which it is hoped will foster the
knowledge and information for engineering applications, academia, and industries.

Section 1 contains five chapters. Chapter 1 gives an introduction to the book by exploring
the current state of the art of wind turbine technology. This chapter covers the following:
renewable energy, overview of wind energy and wind turbine technology, types of wind
turbine, wind turbines and the operational grid requirements (grid codes) for stability con‐
trol, structure of wind turbines, onshore and offshore wind farms, global wind turbine in‐
stallation capacity, and wind turbine manufacturers and market trends. Chapter 2 describes
power oscillation inter-area damping considering a permanent magnet synchronous genera‐
tor (PMSG) wind turbine. Different buses of the IEEE-30 model were connected to the
PMSG, with a scenario that an H-infinity design controller is proposed to regulate the power
variations of the grid network. The chapter presents the effectiveness of a wind generator in
enhancing the damping of the system. In Chapter 3, the impact of power quality and system
stability in the penetration of renewable energy sources in a distribution network is investi‐
gated. Shortcomings relating to the quality and reliability of the electric power fed into a
grid-connected network will be analyzed based on grid requirements. The chapter further
states that the presence of renewable energy sources modifies the short-circuit fault level in
a grid-connected system, and thus the ability of protective apparatus in the distribution net‐
work will be affected. The integration of a wind farm system on the Libyan distribution net‐
work, considering various penetration conditions, is analyzed technically to understand the
impact on the power quality and voltage profile of the system. The exact model of the wind
turbines is uncertain, and because of this wind turbines are classed as nonlinear complex
systems. Consequently, there are challenges in controlling this system, since many wind tur‐
bines work in extreme weather conditions. Chapter 4 presents a Mu robust controller in
wind turbines in severe cold weather conditions. In this chapter, the wind turbine blades are
assumed to be iced, thereby making the model unreliable. A robust controller is proposed to
control the pitch angle of the wind turbine. Chapter 5 presents a dual robust control strategy
for doubly fed induction generator (DFIG) grid-connected wind turbines attending to unbal‐
anced grid conditions. In this chapter, the low-voltage ride-through (LVRT) capability of the
DFIG wind generator is investigated using hardware and software solutions. A low-cost ef‐
fective LVRT scheme based on the dual sequence decomposition technique and Lyapunov-
based robust control theory is proposed. The salient benefit of this proposed scheme is that
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it effectively removes oscillations of active and reactive power exchanged between the gen‐
erator and the grid, in addition to symmetrical and sinusoidal grid current injection. Thus,
the proposed scheme will reduce torque, stator power, and current pulsations compared to
the traditional vector control strategy of the single control scheme.

Section 2 has four chapters. Evaluation and stability analysis of onshore wind turbine sup‐
porting structures is presented in Chapter 6. The findings of the effect of stability of a sup‐
porting structure on onshore wind turbine foundations considering field measurements,
finite element analysis, and laboratory validations are presented in this chapter. The models
considered employ three-dimensional nonlinear finite element analyses for examining the
damage processes of reaching failure and the limited state of foundations that are individu‐
ally based on the fatigue limit state of the concrete. As a result, assessment of the existing
structure will consider the stress number of cycle diagram obtained from experiment and
analysis, respectively. In Chapter 7, an estimation method is proposed to obtain a noise re‐
duction effect from an airfoil with a serrated trailing edge for a wind turbine rotor. A wind
tunnel experiment is used to investigate the changes in the aerodynamic performance of a
wind turbine caused by a two-dimensional airfoil with a serrated trailing edge designed to
mitigate noise from the rotor blade of the turbine. The study in this chapter was carried out
based on Howe’s theory, which is a key theory of the study of noise reduction effects ema‐
nating from a serrated trailing edge. An empirical noise prediction formula that changes the
boundary layer thickness of a two-dimensional airfoil is proposed. The use of offshore wind
energy is on the rise, because more energy can be extracted from offshore winds than on‐
shore winds. Chapter 8 presents an offshore wind feasibility study in India. Offshore wind
provides a scalable alternative to conventional resources. This chapter provides an insight
into the Ministry of Earth Science’s various activities for offshore wind power realization in
India. The assessment results in this chapter show high offshore potential areas, levelized
cost of electricity, and internal rate of return on investment. The port facilities along the Gu‐
jarat and Tamil Nadul coastline are assessed and the methodology of the installation is de‐
veloped based on marine spread along the Indian coast. With the rapid development of the
wind power industry, it is imperative to research the reliability of wind turbines. In Chapter
9, the failure models and research progress of wind turbine reliability is analyzed. The chap‐
ter emphasizes a number of failure modes, failure causes, and detection methods of some
key components in wind turbines. Furthermore, some frequently used approaches to relia‐
bility analysis and wind turbine reliability research status are analyzed. The chapter also
covers methods and measures to improve wind turbine reliability, condition monitoring and
assessment process, supervisory control, and data acquisition, respectively. The chapter rec‐
ommends that it is paramount to mitigate the cost of operation and maintenance and im‐
prove the safety of wind turbines.

Dr. Kenneth Eloghene Okedu
National University of Science and Technology (Glasgow Caledonian University)

Muscat, Oman
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Introductory Chapter: Stability Control and Reliable 
Performance of Wind Turbines
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1. Renewable energy sources

Energy is essential for the growth and socio-economic development of any economy. Recently, 
the use of renewable energy sources for energy generation is on the raise. Wind energy is one 
of the renewable energy sources that is indigenous in nature and could help in mitigating 
fossil fuels dependency [1]. Presently, about 87% of total energy in the world is obtained from 
traditional fossil fuels (coal, oil and natural gas), while 6% is obtained from nuclear plants and 
the remaining 7% is generated from renewable sources (especially hydropower, wind and 
solar) [2]. Unfortunately, the amounts of fossil fuel and nuclear power resources are limited. 
Based on the current estimates given in the literature, natural uranium used for nuclear power 
technology will last only about 50 years; oil, no more than 100 years; natural gas, 150 years; 
and coal, 200 years.

Due to the fact that fossil and nuclear fuels are highly depended upon for energy generation, 
there are environmental pollution and safety challenges, which are now becoming dominant 
issues in the society and international world. Recently, there was a Paris climate agreement 
in France. “The agreement is within the United Nations Framework Convention on Climate 
Change (UNFCCC), dealing with greenhouse gas emissions mitigation, adaptation and 
finance, commencing in the year 2020” [3, 4]. The terms of the agreement was deliberated by 
196 representatives during the 21st Conference of the UNFCCC in Paris and on December 12, 
2015, it was adopted by consensus. The world is drastically focusing on clean and safe renew-
able energy sources due to the effects of environmental pollution on global warming. In the 
long run, the resulting change of climate has disastrous consequences on the planet.

There are enormous resources of wind energy, and it has been estimated in the literature that 
if 10% of the wind energy could be barely tapped, the electricity needs of the world could be 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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supplied [2, 5]. With the recent advancement of variable speed wind turbines, power electron-
ics, drives and control system technologies, wind energy is now competitive with traditional 
coal and natural gas power. However, one of the shortcomings of wind energy is that it is 
stochastic in nature, thus making its availability sporadic, consequently, needs back up by 
other conventional power sources.

The solar photovoltaic systems have the merit of being static and require less repair and main-
tenance. However, it is five times more expensive than wind power, although recently, there 
is huge research and development to produce low cost photovoltaic solar panels for wide-
spread applications. Solar power conversion performance efficiency is basically 16%, and its 
availability is also sporadic like the wind power.

Hydrogen gas is the primary fuel for fuel cell energy or a fossil fuel type like gasoline or 
methanol, with a reformer. Fuel cells are static and have high conversion efficiency of about 
60% compared to wind and solar power. However, fuel cells are heavy, expensive and possess 
poor transient response in their current state. Although, fuel cells show tremendous promise 
for the future, especially for electric cars, however, a tremendous amount of research and 
development is needed to achieve this aim.

2. Overview of wind energy technology

Wind energy is the indirect form of solar energy which is always being replenished by the 
sun. The differential heating of the earth’s surface by the sun causes wind. It has been esti-
mated that about 10 million MW of energy are continuously available in the earth’s wind 
[6–8]. Wind energy could act as an environmental friendly alternative and national energy 
security especially during times of limited global reserves of fossil fuels, which threatens the 
long-term sustainability of global economy.

The technology of wind turbine has a technical identity and demand that is unique in 
terms of the design methods. Recently, remarkable advances and improved reliability in 
wind power design have been achieved owing to developments in modern technology. 
The structural dynamics advances and aerodynamics along with micrometeorology since 
1980, have led to about 5% increase annually in wind turbines energy yield [9–13]. Present 
science and engineering research methods are producing better, stronger, lighter and more 
efficient blades for wind turbines. Wind turbines annual energy output has increased enor-
mously and the weights, emitted noise of the wind turbine during operation have been 
halved over the last few years. A considerable amount of power can be obtained from wind 
energy technology by establishing more wind monitoring stations, effective selection of 
wind farm site with proper wind generator, enhanced maintenance procedures and prac-
tices of wind turbines, increase the wind generator availability, the use of large capacity 
wind generator, low wind regime turbine, higher heights of tower, wider rotor blade swept 
area, improved structural design and aerodynamics, proficient and enhanced technique for 
computer-based machining, improved power factor and better policies of the government.

Stability Control and Reliable Performance of Wind Turbines4

Wind power generation has an edge over the other renewable energy technologies applica-
tion, because of its technological maturity, good infrastructure and relative cost competitive-
ness. In the near future, wind energy is expected to play a vital role in both national and 
international levels regarding energy scenarios [1, 5, 14]. Basically the kinetic energy of the 
wind is converted to electrical energy via the wind turbine blades rotation. According to 
Greenpeace report in the literature, by the year 2020, about 10% electricity in the world can be 
obtained by the wind energy. However, wind power is already competitive with conventional 
fossil fuel power stations at good windy sites. With this enhanced and mature wind technol-
ogy, together with superior economics, experts predict wind power would capture 5% of 
the world energy market by 2020. Advanced wind turbines must be more reliable, efficient, 
robust and less expensive than current wind turbines.

3. Wind turbine technology

There are three main types of wind turbines used nowadays [15]: the Fixed Speed Wind Turbines 
with Squirrel-Cage Induction Generator (FSWT SCIG), the Variable Speed Wind Turbines with 
Doubly Fed Induction Generator (VSWT DFIG) and the Variable Speed Wind Turbines with 
Permanent Magnet Synchronous Generator (VSWT PMSG). Wind energy technology has expe-
rienced important improvement in several last decades [16] due to the technological improve-
ment of wind turbines from fixed speed to variable speed. A brief distinction of the three types 
of wind turbine driven generators is given below.

The SCIG are used in general as fixed speed wind turbine generators due to their superior 
characteristics such as brushless and rugged construction, low cost, maintenance free and 
operational simplicity. However, this type of wind turbine technology requires large reactive 
power to recover the air gap flux when a short circuit fault occurs or grid disturbances in the 
power system. SCIG wind turbine technology has limited ability to provide voltage and fre-
quency control, except it is supported with some expensive external power electronic control 
strategy, hence not commonly used in modern wind turbines.

The variable speed turbines are becoming the norm for new wind farm installations, because 
of high energy capture efficiency couple with reduced drive train stresses [17]. The PMSG 
VSWT, also known as the direct-drive synchronous generator with permanent magnet excita-
tion and the DFIG VSWT with doubly fed back-to-back power converter type technologies, 
have become the two generator alternatives. The former has the disadvantage of cost mainly 
due to a power converter rated for the full power. Although in the latter, a gear box is needed, 
the DFIG requires a converter of only 20–30% of the generator rating for an operating speed 
range of 0.7–1.3 per unit (p.u) resulting in a lower cost.

Although the DFIG is not as rugged and robust as the squirrel-cage wind turbine type, 
however, the brushes have little wear and sparking when compared to DC machines and is 
the only acceptable option for alternative energy conversion in the megawatts power range. 
With the help of modern power electronic devices, it is possible to recover the slip power 
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dissipated in resistances [2]. The DFIG wind turbine use a back-to-back power inverter 
system connected between the rotor side and the grid side of the machine, while the stator 
is directly connected to the grid. The DFIG can effectively operate at a wide range of speed 
based on the available wind speed and other specific operation requirements. Consequently, 
better capture of wind energy [2, 18, 19], with dynamic slip and pitch control could lead to 
effective rebuilding of the wind turbine terminal voltage, at the same time maintaining the 
power system stability after clearance of an external short circuit fault [20]. Besides, DFIG 
wind turbine has shown better behavior regarding system stability during short circuit 
fault in comparison to SCIG, because of its ability to decouple the active and reactive power 
output control. The DFIG superior dynamic performance is achieved from the frequency 
or power converters which typically operates with sampling and switching frequencies of 
above 2 kHz [21]. The Insulated Gate Bipolar Transistors (IGBTs) of the DFIG converter 
system are normally off, during lower voltages down to 0% and the system remains in 
standby mode [22–26]. During grid disturbances, if the voltages are high above a set cutoff 
or threshold value, the DFIG wind turbine system is very quickly synchronized and is back 
in operation again.

The VSWT PMSG is connected through a back-to-back converter to the grid. This provides 
maximum flexibility, enabling full real and reactive power control and fault ride through 
capability during voltage dips, as compared to the VSWT DFIG technology. However, the 
use of this wind turbine technology is limited when compared to the DFIG technology due 
to high cost. The schematic diagrams of the three wind turbine technologies are shown in 
Figures 1–3, while a comparison between the fixed and variable speed wind turbine technol-
ogy is given in Table 1.

Figure 1. Fixed speed induction generator wind turbine.

Stability Control and Reliable Performance of Wind Turbines6

Figure 2. Doubly fed induction generator variable speed wind turbine.

Figure 3. Permanent magnet synchronous generator variable speed wind turbine.

Fixed speed wind generator Variable speed wind generator

1. This type of wind turbine has fixed speed 
operation, thus the power captured is in limited 
range.

1. This type of wind turbine has variable speed operation, 
making it possible to achieve a high efficiency of energy 
conversion compared to constant speed operation especially in 
low wind speed areas.

2. The technology of this turbine has limited ability 
to provide voltage and frequency control.

2. The technology of this turbine has ability to decouple control 
of active and reactive powers rapidly and independently by 
secondary excitation control. Thus, the grid connected turbine 
system tends to be more stable during network disturbances.
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4. Wind turbines and operational grid requirements

The fast growth and penetration of wind generation through the installation of large number 
of wind turbines has led to primary concern about the effect of wind power on the transient 
and frequency stability of the electric utility grid. In several countries, institutional support 
on renewable energy sources has led to implementation of a large number of wind farms [27]. 
As the amount of wind power is drastically increasing in years to come, maintaining power 
system, voltage and frequency stability during a short circuit fault or grid disturbance will be 
more paramount in order to ensure power supply safety and other important tasks. It would 

Figure 4. Fault ride through (low voltage ride through) requirement for wind farms as set by E.ON NETZ GmbH.

Fixed speed wind generator Variable speed wind generator

3. This wind turbine has superior characteristics 
such as brushless and rugged construction, low 
cost, maintenance free and operational simplicity.

3. This wind turbine technology has reduction of mechanical 
stresses and acoustic noise.

4. The technology of this wind turbine requires 
large reactive power to recover the air gap flux 
when a short circuit fault or grid disturbance occurs 
in the power system.

4. The technology of this wind turbine improves the power 
quality of the grid connected system without expensive external 
reactive power compensation devices.

5. This wind turbine requires the installation of 
expensive external reactive power compensation 
devices to provide and support reactive power, 
thus, increasing the overall cost of the system.

5. This wind turbine has the required capacity of the power 
converters for secondary excitation, and this can be less than 
half for the case of a DFIG system, thus the total cost decreases.

Table 1. Comparative study of fixed and variable speed wind generators.

Stability Control and Reliable Performance of Wind Turbines8

be imperative to perform new studies to evaluate the behavior of the wind farms during 
and after severe faults, in order to improve the design of the wind farms in an efficient and 
economy way. Hence, the most demanding requisite for wind farm is the Fault Ride Through 

Figure 5. The rule of voltage support during grid fault as set by E.ON NETZ GmbH.

Figure 6. Grid frequency requirement of wind farms as set by E.ON NETZ GmbH.
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(FRT) or Low Voltage Ride Through (LVRT) capability. Wind farms connected to high volt-
age transmission system must stay connected when a voltage dip or frequency disturbance 
occurs in the grid, otherwise, the sudden disconnection of great amount of wind power may 
contribute to the voltage dip and drop of frequency, with terrible consequences in the utility 
grid. Therefore, the transient and dynamic analysis of wind generators in wind farms are 
necessary. Several solutions could be used in the stability analysis and improvement of wind 
turbines during grid disturbances, so that they can contribute to voltage and frequency con-
trol. Some of these solutions are the use of power electronic devices and reactive power com-
pensation units like static synchronous compensator (STATCOM), superconducting magnetic 
energy storage (SMES), energy capacitor system (ECS), crowbar, static series compensator 
(SSC), a dynamic voltage restorer (DVR), series dynamic braking resistor (SDBR), supercon-
ducting fault current limiter (SFCL), passive resistance network, series antiparellel thyristors 
and among others discussed in the literature.

4.1. Operational grid requirements

The big challenges that wind farms must face is voltage and frequency dip in the grid dur-
ing grid disturbances [28]. The magnitude of the voltage is controlled by the reactive power 
exchange, while the frequency is controlled by the active power. Figure 4 displays the typical 
requirement for fault ride through grid code regarding terminal voltage of the wind farm. The 
wind farm must remain connected to the grid if the voltage drop is within the defined r.m.s. 
value and its duration is also within the defined period as shown in the curve. Figure 5 shows 
the required reactive current support from the generating plants during voltage dip, while 
Figure 6 shows the permissible grid frequency requirement [29].

5. Structure of wind turbines

Some of the structures and installation configurations of wind turbines are presented in 
Figure 7. In Figure 7a, the complete layout of a typical wind turbine connection is shown. 
The major components of the wind turbine are the rotor blade, gearbox, nacelle, generator, 
power cables and tower. The output power of the wind turbine is distributed to the network 
grid via transformer and switchyard. The wind turbine generator is housed in the nacelle 
and Figure 7b and c shows the detailed structure of the nacelle containing the low speed 
shaft, gearbox, controller, anemometer, wind vane, high speed shaft, yaw motor tower and 
others. In Figure 7d, the details of the wind turbine blades and other ancillary components are 
described. The wind turbine rotor blade is basically made of glass reinforced plastic, while the 
Yaw shaft with the slip ring ensures 360° rotation. The tail pole and wind connects the body 
of the wind turbine through a sensitive bearing, while the tower of the wind turbine is of high 
quality spray painting and galvanized to be salt and acid proof. The wind turbine generator 
in the nacelle is extremely light and small, low in sound, swift in startup, quick in heat dis-
sipation and of high efficiency. The nose cone of the wind turbine is made up of reinforced 
aluminum alloy and antisepsis casting.

Stability Control and Reliable Performance of Wind Turbines10

6. Onshore and offshore wind farms

A wind farm is a collection of wind turbines of the same type of technology or different type 
of technology. Although, in most wind farms, the technology of the wind turbines are same, 
however, it has been proposed in the literature to developed modern wind farms to compose 
of both fixed speed and variable speed wind turbine technology. This is because the variable 

Figure 7. Structures and configuration of a typical wind turbine [30].
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speed wind turbine technology can be used to stabilize the fixed speed type, while at the same 
time generating power to the grid system. Figure 8 shows typical onshore and offshore wind 
farms. More winds are achieved in offshore or coastal wind farms than onshore wind farms, 
however, the cost of installation and maintenance is high for this type of wind farm.

Figure 9. Global wind turbine installations [30]. (a) Cummulative; (b) Top countries; (c) By regions; (d) Future Forecast.

Figure 8. Onshore and offshore wind farms.
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6.1. Global wind turbine installation capacity

Figure 9a shows the cumulative capacity, annual capacity installations, first, second, third 
and fourth quarter capacity installations of wind turbines globally from the year 2001 to 2016. 
This is tremendous increase in the number of wind turbine installations over the years from 
the figure. As at 2016, the wind power capacity is already 82,183 MW as against 4147 MW in 
the year 2001. The cumulative installed capacity over these years by countries is shown in 
Figure 9b, with China taking the lead, then the United States and Germany behind China. The 
wind turbine installation by regions of the world is shown in Figure 9c, from 2008 to 2016. 
Asia is leading with about 35,000 MW annual installed capacity in 2015. This value, however, 
dropped in 2016 to about 28,000 MW. There was considerably decrease in the annual installed 
capacity of wind turbines in Asia during 2012 from the figure, however, between 2013 and 
2016, the annual installed capacity increased. In Europe, the annual installed capacities in 
2015 and 2016 are same with a rough estimate of 14,000 MW. In North America, the highest 
annual installed capacity of 15,000 MW wind turbine was achieved in the year 2012, and in 
2013, the value dropped drastically to 2500 MW. In 2015, the annual installed capacity rose to 
about 12,000 MW, thereafter, in 2016, the value dropped below 10,000 MW. The distribution 
of wind turbine installation in North America is irregular over the years due to less interest 
in renewable energy. The Pacific region, Africa and the Middle East are the least in annual 
installed capacity of wind turbine, respectively. The future forecast of the installed onshore 
and offshore wind turbines from 1990 to 2020 is shown in Figure 9d, with a value of 230 GW 
wind capacity excepted by 2020.

7. Wind turbine manufacturers and market trend

Some of the manufacturers of wind turbines are shown Figure 10a. The top major wind tur-
bine manufacturers are Vestas, GE energy, Goldwind, Gamesa, Enercon, Siemens, Nordex, 
Envision, Ming Yang and United Power, respectively. The designs and control strategy 
employed in the wind turbine system is slightly different for each manufacturer. The wind 
turbine market trend is shown in Figure 10b from 2012 to 2017. There is cumulative increase 

Figure 10. Wind turbine manufacturers and market trend [30] (a) Wind turbine manufacturers; (b) Wind turbine market 
trend.
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in power (GW) from 2012 to 2017, the cumulative capacity growth rate and annual installed 
capacity growth rate decreased over the considered years. There is little or no difference in the 
annual installed capacity (GW) over the considered years.
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in power (GW) from 2012 to 2017, the cumulative capacity growth rate and annual installed 
capacity growth rate decreased over the considered years. There is little or no difference in the 
annual installed capacity (GW) over the considered years.
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Abstract

Damping inter-area oscillation by using a permanent magnet synchronous generator
(PMSG) wind turbine is considered. The PMSG wind turbine is connected to the IEEE-30
bus power system at different buses. H-infinity design controller is proposed to modulate
the power where the input of the H-infinity control is the variation of the local grid
generator speed and the output is feedback to activate the PMSG speed control, blade
pitch angle control and dc voltage control. MATLAB/SIMULINK is used in this study. The
IEEE-30 bus system is reduced to 7 buses based on the number of generators to simplify
the stability study. The method is applied to a seven-area power system that exhibits
undamped oscillations. Results presented in this study demonstrate the effectiveness of
the wind generator in increasing system damping considerably.

Keywords: permanent magnet synchronous generator, IEEE 30 bus system, reduced
system, wind generator, H-infinity, inter-area oscillation, dynamic stability, small signal
stability

1. Introduction

The reason to use the renewable energy is to reduce the pollution emissions such as carbon
dioxide CO2 in the air. Renewable energy such as wind energy is one of the cost-effective forms
of energy available today to generate electricity [1, 2]. The development of modern wind
energy started almost 30 years ago but were not installed significantly for long period. Over
the past decade, the power from wind turbines increased from 23,900 to 486,790 MW from
2001 to 2016, respectively [3, 4]. The blade size of modern wind turbines has increased to
increase the amount of power from the wind [4, 5]. In general, two types of wind turbine can
be installed to the power grid such as fixed-speed wind turbine and variable-speed wind
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turbine. The fixed speed wind turbines were installed in early 1990 to generate electricity
regards of wind speed. This kind of wind turbines connected directly to the grid and its speed
fixed at speed determined by the frequency of the grid [6–8]. After that in 1996, the variable
speed wind turbine started connecting to the grid [9]. The classification of these turbines, fixed
speed and variable speed wind turbines, is based on the principle of the generator and its
operation [10]. The induction generator specifically squirrel cage induction generator is used
with fixed speed wind turbine [11, 12]. In variable speed wind turbine two kind of generators
can be used such as permanent magnet synchronous generator (PMSG) and doubly-fed induc-
tion generator (DFIG) [13–15]. Various of controls scheme can be applied in fixed and variable
speed wind turbines such as stall control, blade pitch angle control, active stall control, dc
voltage control, torque control and point of common coupling control (PCC) [16]. Nowadays,
most of the wind turbines installed in power system are permanent magnet synchronous
generator (PMSG) and doubly-fed induction generator (DFIG). PMSG connected directly to
the power grid via back to back converter; therefore, the power from wind directly transferred
to the grid. On the other hand, DFIG has two windings; stator winding connected directly to
the power grid and rotor winding connected to the power grid via back to back converter [17,
18]. Therefore, the power from the wind transferees to the grid via stator and rotor. From the
stator, the wind power directly transferees to the grid while from the rotor the power trans-
ferees to the grid or grid to the rotor depends on the operating conditions: over-synchronous
condition if the power flows from rotor to grid and sub-synchronous condition if the power
flows from grid to the rotor. DFIG required a slip rings to operate properly, but it has a high
maintenance cost in long run for normal operation [13, 18].

The PMSG will be focused in this study. It is called also a brushless DC machine and just the
rotor of the DC machine is replaced by a permanent magnet. Therefore, the PMSG will be a
small in size compared to the DCmachine, and the inertia of a PMSGwill be higher. The result,
PMSG has a good reliability and more higher power compared to the size [12, 14, 19]. In wind
turbines application, the small generator in size with a higher power is preferred because the
generator of wind turbine is placed hundreds of above the ground and then reduce the
maintenance cost. The PMSG also has a back-to-back converter to control the flowing power
from the wind, but it increases the cost of the PMSG in addition to the expensive permanent
magnets [12, 14]. The maintenance of the PMSG is nearly free; therefore, it is highly desirable
for wind turbine applications. Now, PMSG wind turbine is focused in area of research [12, 14].

When the wind turbines penetration to the power grid, the system stability become more
significant. The PMSG is investigated for its capability to enhance the damping of dynamic
oscillations in a multi-area system. The basic control applied to the PMSG is a field orientation
control (FOC) [20, 21]. FOC is widely used in a research area especially in wind turbines. The
FOC implemented in generator and grid sides of PMSG wind turbine to control the wind
power that transferred to the grid [20, 21]. The synchronous frame of reference, a d-q frame of
reference, is applied to the modeling of the generator side and grid side and a decoupled
strategy is used to simplify the control design of the FOC. The proportional integral controls
are used in the FOC in both sides of wind turbine as a result of a good steady state error. In
generator side, the FOC is designed to control the torque of PMSG wind turbine by controlling
the q-axis current of PM generator while in grid side, it is designed to control the dc voltage to
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guarantee the power transfers from the wind to the grid. The FOC cannot damp any oscillation
if there is any disturbance happen on the system such as wind speed change, power load
change or symmetrical and unsymmetrical fault. These disturbances will cause a low-
frequency oscillation due to many synchronous generators and wind turbines located in many
areas with long tie-line as in Figure 1 [22]. This oscillation with a range of frequency between
0.1 and 0.8 HZ is known as an inter-area oscillation [23, 24]. The system will be unstable if this
oscillation increase in amplitude. Therefore, to make the system more stable, an auxiliary
feedback control has to be added to damp the oscillation.

In [25–27], numerous of controls are applied to the PMSGwind turbine concernwith the stability
under the presence of grid dynamics. In [28, 29], implemented some devices to improve the
system stability such as power system stabilizer (PSS) and flexible alternative current transmis-
sion system (FACTS), but these devices may not be sufficient to damp inter-are oscillations at
high penetrations levels. In some literature use the frequency feedback in DFIG to damp the
oscillation [30, 31]. In this study, the dynamic of the PMSG wind turbine is discussed through a
suitable small-signal model. The PMSG connected to the IEEE 30 bus system at different buses
such as generator and load buses. The PMSG wind turbine model is linearized and reduced in
order to simplify the analysis of the system. This model is applied to case of damping the inter-
area oscillation. To damp the inter-area oscillation, three modulation feedback loops were
applied: dc-ink voltage, PMSG speed and blade pitch angle modulation. The feedback design
method used in the study is based on the H-infinity control concept [32–35].

Section 2 describes a suitable dynamic model of the PM wind generator that can be used in
dynamic studies. Section 3 demonstrates the small signal stability. Section 4 describes the H-
infinity control method. Section 5 describes the simulation results and Section 5 provides the
conclusion.

Figure 1. Two area power system connected with many of synchronous generators and wind turbines.
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2. System modeling

The rotational of the wind turbine rotor blade converts the kinetic energy of the wind to the
mechanical power. The mechanical power converts by the generator to the electrical power
that is fed to the grid through a back-to-back converter. The wind turbine scheme as shown in
Figure 2 combines the mechanical subsystem and electrical subsystem. The mechanical
subsystem includes the two mass system and rotor shaft, and the electrical subsystem includes
a PMSG, back-to-back converter, and grid. The interconnection system modeling of the gener-
ator and grid sides are described in an appropriate frame for developing a suitable control
scheme which will be discussed in detail in the following section [35–41]. The modeling of the
both sides of wind turbine as well as back to back converter will be in details in the following
section.

2.1. Wind turbine model

The extracted power from the wind turbine can be expressed as in (Eq. (1)) [13, 14, 19]; where
σ is the air density, R is the blade radius, vw is the wind speed, Cp λ; β

� �
is the turbine power

coefficient and it is a nonlinear function as in (Eq. (2)). The value coefficients in (Eq. (2)) c1 to c6
c6 are: c1 ¼ 0:5167, c2 ¼ 116, c3 ¼ 0:4, c4 ¼ 5, c5 ¼ 21, and c6 ¼ 0:0068 [17]. Also, the torque of
wind turbine can be presented in terms of the wind power and rotational speed of the shaft as
in (Eq. (3)) [27, 37, 42–44].
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2
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Figure 2. Configuration of the permanent magnet synchronous generator wind turbine.
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Figure 3 shows the turbine power coefficient at different tip ratio and blade pitch angle. As
seen from the same figure, the maximum value of power coefficient is 0.48 when the tip ratio is
8.1 and blade pitch angle is zero. The blade pitch angle control is zero that mean the wind
speed is equal or less than the rated speed. The rated wind speed which extracted the maxi-
mum power is 12 m/s. The blade pitch angle control activates when the wind speed is more the
rated value to decrease the turbine power coefficient so as to Cp λ;β

� �
achieve the maximum

power extracted from the wind.

2.2. Permanent magnet synchronous generator (PMSG) model

The dynamic model of the PMSG is derived based on the two-phase d-q synchronous frame of
reference and Figure 4 shows its equivalent circuit [27, 43, 44]. The electrical model of the
PMSG in the synchronous frame of reference is by

vsd ¼ �Rsisd � Lsd
d isd
dt

� ωeLsqisq

vsq ¼ �Rsisq � Lsq
d isq
dt

þ ωeLsdisd þ ωeψf

(4)

where Rs is the armature resistance, LlsLsd, Lsq are the inductance in d-q axes and they are equal
in the round rotor, ψf is the permanent magnetic flux, ωe ¼ p ωg is the electrical rotating speed,

ωg is related to the mechanical rotating speed of the generator, and p is the number of pole
pairs.

Figure 3. Power coefficient and tip ratio.
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ator and grid sides are described in an appropriate frame for developing a suitable control
scheme which will be discussed in detail in the following section [35–41]. The modeling of the
both sides of wind turbine as well as back to back converter will be in details in the following
section.

2.1. Wind turbine model

The extracted power from the wind turbine can be expressed as in (Eq. (1)) [13, 14, 19]; where
σ is the air density, R is the blade radius, vw is the wind speed, Cp λ; β

� �
is the turbine power

coefficient and it is a nonlinear function as in (Eq. (2)). The value coefficients in (Eq. (2)) c1 to c6
c6 are: c1 ¼ 0:5167, c2 ¼ 116, c3 ¼ 0:4, c4 ¼ 5, c5 ¼ 21, and c6 ¼ 0:0068 [17]. Also, the torque of
wind turbine can be presented in terms of the wind power and rotational speed of the shaft as
in (Eq. (3)) [27, 37, 42–44].
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Figure 2. Configuration of the permanent magnet synchronous generator wind turbine.
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Figure 3 shows the turbine power coefficient at different tip ratio and blade pitch angle. As
seen from the same figure, the maximum value of power coefficient is 0.48 when the tip ratio is
8.1 and blade pitch angle is zero. The blade pitch angle control is zero that mean the wind
speed is equal or less than the rated speed. The rated wind speed which extracted the maxi-
mum power is 12 m/s. The blade pitch angle control activates when the wind speed is more the
rated value to decrease the turbine power coefficient so as to Cp λ;β

� �
achieve the maximum

power extracted from the wind.

2.2. Permanent magnet synchronous generator (PMSG) model

The dynamic model of the PMSG is derived based on the two-phase d-q synchronous frame of
reference and Figure 4 shows its equivalent circuit [27, 43, 44]. The electrical model of the
PMSG in the synchronous frame of reference is by

vsd ¼ �Rsisd � Lsd
d isd
dt

� ωeLsqisq

vsq ¼ �Rsisq � Lsq
d isq
dt

þ ωeLsdisd þ ωeψf

(4)

where Rs is the armature resistance, LlsLsd, Lsq are the inductance in d-q axes and they are equal
in the round rotor, ψf is the permanent magnetic flux, ωe ¼ p ωg is the electrical rotating speed,

ωg is related to the mechanical rotating speed of the generator, and p is the number of pole
pairs.

Figure 3. Power coefficient and tip ratio.
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The expressions of the electromagnetic torque Te and active power of the PMSG Pe are given
by [27, 44].

Te ¼ 3
2
p ψf isq

Pe ¼ 3
2

vsdisd þ vsqisq
� �

(5)

2.3. Rotor shaft model

The rotor shaft of PMSG wind turbine is presented as a two-mass system and the motion
equations are given in (Eq. (6)) where K is the stiffness of the shaft, θ is the shaft angle, Jg is the
inertia of PMSG and JT is the inertia of the wind turbine [44].
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2.4. Grid model

The modeling of the grid side as shown in Figure 5a has two parts. The first part of modeling
includes elements between the grid side convertor and the point of common coupling bus,
which is known as a PCC bus. The first part dynamic model is based on the d-q frame of
reference as shown in (Eq. (7)) [43, 44]; Where ωs is the angular frequency of the grid, Lg and
Rg are the inductance and resistance of the connecting transformer and power lines between
the inverter and the PCC bus, respectively, vdpcc, vqpcc, udivdi, and vqi uqi represent the d- and q-
axis components of the PCC voltage and grid side convertor, respectively, and igd, igq represent
the d-q-axis components of the current flowing between the grid side convertor and the AC
system. The expression of the active power is represented in (Eq. (8)) [43, 44].

Figure 4. Equivalent circuit of PMSG.
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vdi ¼ Rgigd þ Lg
d igd
dt

� ωsLgigq þ vdpcc

vqi ¼ Rgigq þ Lg
d igq
dt

þ ωsLgigd þ vqpcc

(7)

Pg ¼ 3
2

vdi igd þ vqi igq
� �

(8)

The second part of the modeling is the grid model as shown in Figure 5b which is presented
the IEEE 30 bus system using here as a sample of a 7-area system, where Area 5 and 7 are
equipped with the PMSG wind turbine [45]. To simplify study the system stability, the power
system loads have to be converted to the impedance as in (Eq. (9)), Therefore, the generators
and loads impedances of the power system have to be include in the Y-bus. Also, the number
of the buses in the original IEEE 30-bus have to be reduced to the number of generators [46].
The IEEE-30 bus system has 6 generators and two PMSG wind turbines. One of the PMSG
wind turbines connected to the load bus and the another wind turbine connected to the PV
bus. Therefore, The IEEE 30-bus reduced to the 7 bus or 7 areas system. In the area 5, the load
was added to provide the disturbance of the system.

YL ¼ PL � J QL

V2
L

(9)

The rotor variational dynamics of the synchronous generators, generator 1,2 to 7, in the
reduced system are described in (Eq. (10)) [22], where Dj is the machine damping coefficient,

Ksij ¼ Vi Vj Yij sin θij � δi þ δj
� �

are the synchronizing coefficient, Pw is the wind power, Pmi is
the power that is from grid generators, ωi is the speed of mass of the generators, and δi is the
angular position of the mass. Area 7 connected to the load bus where ω7 ¼ K Vdc and K is a
constant value. The unit of t is in s, ω in per-unit and ωo ¼ 314 r

s,.

Figure 5. Grid side; (a) two parts of grid sides, (b) 30-bus system.
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The expressions of the electromagnetic torque Te and active power of the PMSG Pe are given
by [27, 44].
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The rotor shaft of PMSG wind turbine is presented as a two-mass system and the motion
equations are given in (Eq. (6)) where K is the stiffness of the shaft, θ is the shaft angle, Jg is the
inertia of PMSG and JT is the inertia of the wind turbine [44].
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2.5. DC-link model

The dc-link capacitor as shown in the Figure 2 is connected between the generator and grid
converter sides. The energy stored in the capacitor C is given by Edc ¼ 1

2C V2
dc, where Vdc is a

dc-link voltage, and it depends on the difference between the generator power Pe and grid
power Pg if the losses of both converters are considered very small as [8, 44].

C Vdc
dVdc

dt
¼ Pe � Pg (11)

To sending power from the wind turbine to the grid, the variation of the dc voltage has to be
small or equal to zero which means the sending power Pe and receiving power Pg are equal.

3. Small signal stability

In this study, the small signal stability of the PMSG wind turbine connected to the power grid
is going to be discuss at a particular operating point. The small signal stability is ability of the
system to maintain stable during any small disturbance occurrence. In the power system,
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disturbances with small magnitude are very common and can occur due to change in the
generation power, power load. To study the small signal stability, the nonlinear system model-
ing such as wind turbine and dc-link modes has to be linearized to derive the state space
matrix for the entire system by using the component connection techniques [22].

3.1. Linearization of the wind torque model

As in (Eq. (3)), the torque of the wind turbine is a function of the Cp λ; β
� �

; therefore, it has to be
linearized respect to the wind speed, rotational speed, and blade pitch angle at operating point
as [44].

ΔTw ¼ Kw ΔVw þ KT ΔωT þ Kβ Δβ (12)

where

Kw ¼ ∂Tw

∂Vw
¼ σ πR2V2

wo

2 ωTo
3 Cp λo; βo
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op
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¼ σ πR2V3
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2 ωTo
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3.2. Linearization of a DC-link model

After substituting the sending and receiving power in to (Eq. (11)), the linearization of the
d-link can be presented as

Δ _Vdc ¼ 3Vsd

2CVdc
Δisd þ 3Isd

2CVdc
Δvsd þ 3IsdVsd

2CV2
dc

Δvdc þ
3Vsq

2CVdc
Δisq þ

3Isq
2CVdc

Δvsq þ
3IsqVsq

2CV2
dc

Δvdc�

¼ 3Vdi

2CVdc
Δigd �

3Igd
2CVdc

Δvdi þ
3IgdVdi

2CV2
dc

Δvdc �
3Vqi

2CVdc
Δigq þ

3Igq
2CVdc

Δvqi þ
3IgqVqi

2CV2
dc

Δvdc

(13)

where Δvdc is a variation of a DC voltage.

After describing the systemmodeling and its linearization, the interconnectionmethod between the
system modeling with its control has to be apply to create the state space equation for the entire
system to study the system stability. Figure 6(a–e) shows the generator and grid sides with their
controls. The way how to connect all the systemmodels and controls together will be presented by
getting the state variable of the entire systemmodeling with their controls as follows [47].

_X ¼ A Xþ B U

Y ¼ C XþD U
(14)
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2.5. DC-link model

The dc-link capacitor as shown in the Figure 2 is connected between the generator and grid
converter sides. The energy stored in the capacitor C is given by Edc ¼ 1

2C V2
dc, where Vdc is a

dc-link voltage, and it depends on the difference between the generator power Pe and grid
power Pg if the losses of both converters are considered very small as [8, 44].

C Vdc
dVdc

dt
¼ Pe � Pg (11)

To sending power from the wind turbine to the grid, the variation of the dc voltage has to be
small or equal to zero which means the sending power Pe and receiving power Pg are equal.

3. Small signal stability

In this study, the small signal stability of the PMSG wind turbine connected to the power grid
is going to be discuss at a particular operating point. The small signal stability is ability of the
system to maintain stable during any small disturbance occurrence. In the power system,
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disturbances with small magnitude are very common and can occur due to change in the
generation power, power load. To study the small signal stability, the nonlinear system model-
ing such as wind turbine and dc-link modes has to be linearized to derive the state space
matrix for the entire system by using the component connection techniques [22].

3.1. Linearization of the wind torque model

As in (Eq. (3)), the torque of the wind turbine is a function of the Cp λ; β
� �

; therefore, it has to be
linearized respect to the wind speed, rotational speed, and blade pitch angle at operating point
as [44].

ΔTw ¼ Kw ΔVw þ KT ΔωT þ Kβ Δβ (12)

where

Kw ¼ ∂Tw
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3.2. Linearization of a DC-link model

After substituting the sending and receiving power in to (Eq. (11)), the linearization of the
d-link can be presented as

Δ _Vdc ¼ 3Vsd
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where Δvdc is a variation of a DC voltage.

After describing the systemmodeling and its linearization, the interconnectionmethod between the
system modeling with its control has to be apply to create the state space equation for the entire
system to study the system stability. Figure 6(a–e) shows the generator and grid sides with their
controls. The way how to connect all the systemmodels and controls together will be presented by
getting the state variable of the entire systemmodeling with their controls as follows [47].

_X ¼ A Xþ B U

Y ¼ C XþD U
(14)
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The system modeling of the PMSG with its controls as in Figure 6 has to be connected together
to get the state space equation. The interconnection matrix which connect the PMSG wind
turbine models together with their controls is as [47].

U ¼ E Y þ F U∗ (15)

Matrix E is the states input and control inputs, u, as described in Figure 6 while matrix F
represents the reference input of the controllers. By substituting the output of (Eq. (14)) to
(Eq. (15)), the input of the system will be as

U ¼ 1� EDð Þ�1 E C Xþ 1� EDð Þ�1 F U∗ (16)

By substituting the inputU in (Eq. (16)) into the (Eq. (14)), the (Eq. (14)) can be represented as [47].

_X ¼ bA Xþ bB U∗

Y ¼ bC Xþ bD U∗ (17)

where X is a state variables of the whole system and its controls, U is an input control, Y is an

output of the system, bA ¼ Aþ B 1� EDð Þ�1 EC is a state matrix for the whole system and its

Figure 6. Connection of the PMSG models with its controls.
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control, bB ¼ B 1� EDð Þ�1 F is the input system matrix after connecting with its control,
bC ¼ CþD 1� EDð Þ�1 EC is the output matrix of whole system, and bD ¼ D 1� EDð Þ�1 F is
the direct transition matrix of the entire system. By getting the state matrixes of the entire
system the eigenvalue sensitivity method can be study. The original system of PMSG wind
turbine with its control in Figure 2 is of 15th order which is presented as Δisd;Δisq;ΔωT;Δωg;

�
Δθ;Δvdc;Δigd;Δigq;Δx1;Δx2;Δx3;Δx4;Δx5;Δx6;Δθpll� corresponding to the d-current of
PMSG, q-current of PMSG, mechanical speed of the wind turbine PM generator speed, rotor
shaft angle, dc voltage, d-current of grid, q-current of grid, PMSG speed control, PMSG speed
control, dc-voltage control, q-current of grid control, PCC voltage control, PLL control and PLL
angle, respectively; where; this original system can be reduced by ignoring the fast dynamic
mode into 5th order as in Figure 7. As a result, the slow dynamic modes of the system are
the Δisq, ΔωT,Δωg,Δθ and Δx. With reference to Figure 2, the PI speed controller determines the
q-axis stator voltage. The state equation of this controller is given by (Eq. (18)) and its output by
(Eq. (19)). According to the same figure, the vsd determined such that isd is zero for unity power

Figure 7. Reduced system.
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the direct transition matrix of the entire system. By getting the state matrixes of the entire
system the eigenvalue sensitivity method can be study. The original system of PMSG wind
turbine with its control in Figure 2 is of 15th order which is presented as Δisd;Δisq;ΔωT;Δωg;

�
Δθ;Δvdc;Δigd;Δigq;Δx1;Δx2;Δx3;Δx4;Δx5;Δx6;Δθpll� corresponding to the d-current of
PMSG, q-current of PMSG, mechanical speed of the wind turbine PM generator speed, rotor
shaft angle, dc voltage, d-current of grid, q-current of grid, PMSG speed control, PMSG speed
control, dc-voltage control, q-current of grid control, PCC voltage control, PLL control and PLL
angle, respectively; where; this original system can be reduced by ignoring the fast dynamic
mode into 5th order as in Figure 7. As a result, the slow dynamic modes of the system are
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factor operation. Because of the response of this loop is considerably faster than the inter-area
dynamics of interest, the d-axis of (Eq.(4)) can be eliminated from the motor state equation by
assuming that Δisd ¼ Δi:sd ¼ 0. Therefore, using (Eq. (19)) into q-axis of (Eq. (4)) and the
previous condition, one obtains (Eq. (20)) that describes the simplified q-axis dynamics [44].

Δ _x ¼ Δω∗
g � Δωg (18)

Δvgq ¼ Kp Δω∗
g � Δωg

� �
þ Ki Δxþ p ψf Δωg (19)

Δigq ¼ � R
Lsq

Δvgq þ
Kp

Lsq
Δωg � Ki

Lsq
Δx� Kp

Lsq
Δω∗

g (20)

The reduced system equation is described in (Eq. (6)), (Eq. (18)), and (Eq. (20)), which can be
written as [44].
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4. H∞ control method with wind generation

Figure 8 shows the H-infinity feedback control from grid to the PMSG speed, dc-voltage, and
blade pitch angle controls. The wind generators in Area 5 and Area 7 act as a power source in
the dynamic equation to increase the system damping by using the local frequency of machine
5 and wind turbine in Area 7, in order to achieve power modulation proportional to the
frequency deviation of the area, e.g. ΔPw ¼ D Δω5 and ΔPw ¼ D Δω7. From Figure 8, the input
power to the grid ΔPw can be presented as

ΔPw ¼ 3
2
r ψf isq Δωg þ ωg Δisq

� �� C V 0
dc Δ _Vdc (22)

The feedback signal is the locally derived system frequency deviation, Δω5 and Δω7, and the
control outputs are the variations of the blade pitch angle,Δβ, the rotor speed reference, Δω∗

g, and

the rate of change of the dc link voltage reference,Δ _Vdc. To design the H-infinity control, the plant
consisting of the wind generation and the power system is considered controllable and observ-
able. The state representation of the plant including the disturbance is given by (Eq. (23)) [48].
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where is the state vector, z ¼ Δω5;Δω7½ �T is the fictitious output, y ¼ Δω5;Δω7½ � is the mea-

surement vector, u ¼ Δβ;Δω∗
2;Δ _Vdc
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is the control input vector, and d ¼ Δvw;ΔPL½ � is the

disturbance vector of the plant. A, Bd, Bu, C1, D11, D12, C, D21 and D22 are constant matrices
of appropriate size depending on the power system order. For simplicity it is assumed that
there is no direct feedback through term, i.e. D22 ¼ 0. The state representation of the H∞

controller is given by (Eq. (24)) [48].
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Figure 8. Power modulation control of the PMSG wind generator based on the H∞ controller.
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4. H∞ control method with wind generation

Figure 8 shows the H-infinity feedback control from grid to the PMSG speed, dc-voltage, and
blade pitch angle controls. The wind generators in Area 5 and Area 7 act as a power source in
the dynamic equation to increase the system damping by using the local frequency of machine
5 and wind turbine in Area 7, in order to achieve power modulation proportional to the
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The feedback signal is the locally derived system frequency deviation, Δω5 and Δω7, and the
control outputs are the variations of the blade pitch angle,Δβ, the rotor speed reference, Δω∗

g, and

the rate of change of the dc link voltage reference,Δ _Vdc. To design the H-infinity control, the plant
consisting of the wind generation and the power system is considered controllable and observ-
able. The state representation of the plant including the disturbance is given by (Eq. (23)) [48].
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The closed-loop transfer function, F sð Þ, from d to z will be denoted as

f sð Þ ¼ D11 þD12KD21½ � þ C1 þD12KC 0½ � s
1 0
0 1

� �
� Aþ BuKC 0

0 K

� �� ��1 Bd þ BuKD21

0

� �

(26)

Matrices bA, bB, bC, bD are selected that the f sð Þ is stable and the infinite norm, f sð Þk k < γwhere,
γ is a specified positive number.

5. Simulation studies

The IEEE 30-bus system as in Figure 5(b) was studied. The data for the lines, generators and
loads are shown in [45]. Generator at bus 1 is the slack bus, in the simulations, and it is
equipped with a governor for regulating frequency. The data of the wind generator on area 5
and area 7 are given in Table 1. Initially 50 wind generators were installed in each area, area 5
and area 7.

At the steady state generators 1–7 generate respectively 38, 43, 59, 5, 38, 13, and 77 MW. The
initial wind velocity at the wind generator site is 11 m/s, and the wind generator generates an
additional 77 MW of power. The power system dynamics are of the 14th order according to
(Eq. (10)). The combined system including the dynamics of the wind generator from
(Eq. (21)) is of the 19th order. The system and controller above was simulated in the time
domain in MATLAB/SIMULINK. Two case studies were considered and the results are
presented below.

Parameters Value

Pole pairs 40

Rated power per generator 2 MVA

Generator rated voltage 575 V

Frequency 50 Hz

Stator resistance 0.0025 pu

Inductance in d-axis 0.43 pu

Inductance in q-axis 0.43 pu

Permanent magnet flux 1pu

PMSG inertia 2.5 � 105 kgm2

Wind turbine inertia 3.7 � 106 kg m2

DC link voltage 1500 V

DC-link capacitor per generator 60,000 μF

Table 1. Wind generator parameters [27].
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Case 1: Load change.

The load on Bus 5 changes from 50 to 60 MW at t = 1 s and the was operated at steady state.
Figure 9 shows the responses of the system with and without the feedback control from the
wind generator. The result shows a power unbalance in the area 5 initiating and the net power
exported by each area causes a large oscillations. As the system is adjusting to the new steady
state, the exported power from the slack Bus 1 is increasing and that of Area 5 is decreasing by
the same amount equal to the load change of 10 MW. From the figure the changing of the load
power is absorbed by the infinite bus. Another Areas start oscillation when the load change
and goes to the same operating point.

Figure 10(a) shows the response of the wind power resulting from the disturbance. The wind
generator response is immediate providing approximately a peak variation of 5 MW power.
The modulation power is created by the deviation of the dc link voltage, blade pitch angle, and
generator speed shown in Figure 10 (b–d) respectively. The deviation of the dc link voltage of
only 100 V or 6.6% is sufficient, and variation of the blade pitch angle is less than 0.1 degree
and PMSG speed is very small.

Case 2: Wind speed change.

The system operates at the same steady state described above. At t = 1 s, the wind generator
power increases from 77 to 100 MW when the wind velocity changes from 11 to 12 m/s.

Figure 9. Case 1, load change: (a) net power of area 1; (b) net power of area 2; (c) net power of area 3, (d) net power of area
4; (e) net power of area 5; (f) net power of area 6.
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Case 1: Load change.

The load on Bus 5 changes from 50 to 60 MW at t = 1 s and the was operated at steady state.
Figure 9 shows the responses of the system with and without the feedback control from the
wind generator. The result shows a power unbalance in the area 5 initiating and the net power
exported by each area causes a large oscillations. As the system is adjusting to the new steady
state, the exported power from the slack Bus 1 is increasing and that of Area 5 is decreasing by
the same amount equal to the load change of 10 MW. From the figure the changing of the load
power is absorbed by the infinite bus. Another Areas start oscillation when the load change
and goes to the same operating point.

Figure 10(a) shows the response of the wind power resulting from the disturbance. The wind
generator response is immediate providing approximately a peak variation of 5 MW power.
The modulation power is created by the deviation of the dc link voltage, blade pitch angle, and
generator speed shown in Figure 10 (b–d) respectively. The deviation of the dc link voltage of
only 100 V or 6.6% is sufficient, and variation of the blade pitch angle is less than 0.1 degree
and PMSG speed is very small.

Case 2: Wind speed change.

The system operates at the same steady state described above. At t = 1 s, the wind generator
power increases from 77 to 100 MW when the wind velocity changes from 11 to 12 m/s.

Figure 9. Case 1, load change: (a) net power of area 1; (b) net power of area 2; (c) net power of area 3, (d) net power of area
4; (e) net power of area 5; (f) net power of area 6.
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Figure 10. Load change: (a) wind power; (b) DC voltage response; (c) pitch angle response; (d) PMSG speed response.

Figure 11. Case 1, load change: (a) net power of area 1; (b) net power of area 2; (c) net power of area 3. (d) Net power of
area 4; (e) net power of area 5; (f) net power of area 6.
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Therefore, the additional power injected into areas 5 and 7 initiate acceleration of the machines at
areas 5 and 7 and, subsequently, similar response at the other machines. Figure 11(a–f) shows the
net power with andwithout power modulation feedback when the wind speed changed from 11
to 12 m/s at t = 1 s. The event causes a power unbalance in the area served by area 5 and 7
initiating exhibiting large oscillations. As the system is adjusting to the new steady state, the
exported power from the slack Bus 1 is decreasing and that of area 5 and area 7 are decreasing by
the same amount equal to the wind power change by of 46 MW. The effectiveness of the wind
power modulation by using H-infinity feedback control can be seen in Figure 11(a–f) comparing
to the responses without power modulation. The oscillation damping has increased significantly
and the system arrives at the steady state approximately 20s.

Figure 12 shows the responses of the system with and without the feedback control from the
wind generator at t = 1 with changing of the wind speed from 11 to 12 m/s. The output of the
wind generator power as in Figure 12(a) is smooth increasing to accelerate the PM-generator.

Figure 12. Wind speed change: (a) wind power; (b) DC voltage response; (c) pitch angle response; (d) PMSG speed
response.
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The oscillations in the dc link voltage are greater in the case where modulation feedback is
used resulting partly in the stabilizing power modulation. The deviation of the dc link voltage
of only 20 V or 1.3% is sufficient. The blade pitch angle, in Figure 12(c), is activated only by the
power modulation feedback and the variation of the blade pitch angle is less than 0.2�. The
generator speed, in Figure 12(d), immediately accelerates as a result of the increasing wind
power input and its variation is very small.

6. Conclusion

The power modulation by using a PMSG wind turbine to damp the power oscillation in a
multi-area power system is studied. H-infinity control is applied as a feedback control; where,
the input is the variation of the local grid generator speed and the output feedback to the dc-
voltage, blade pitch angle and PMSG speed controls. The high-order dynamic model of the
wind generator system is reduced to simplify the analysis. The PMSG wind turbine connected
to the IEEE 30 bus in different areas such as area 5 and 7. The results showed the effectiveness
of the wind generator in significantly increasing damping. The dc link voltage modulation
provides more damping to the grid power oscillations as it compares to the PMSG speed and
rotor blade pitch angle modulations. The MATLAB/Simulink is used to design the controller
and validate the results.
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The oscillations in the dc link voltage are greater in the case where modulation feedback is
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Abstract

Wind energy (WE) has become one of the most promising and developed forms of
renewable energy source due to its efficiency and the availability of different capacities
according to the loading requirements. The integration of wind turbines in the Libyan
network has become an indispensable choice due to Libya’s distinguished location and for
the Libyan National Initiative. Despite the numerous benefits of WE, the penetration of
WE sources in the distribution network has some negative impacts related to the quality
and reliability of the electric power supplied to the network. Owing to, the intermittent
nature of these sources and electronic circuits needed to regulate the extracted power to
comply with the grid requirements. In this chapter, implementation of the eastern Libyan
network in NEPLAN and MATLAB/SIMULINK packages are carried out to investigate
and analyze the significance of wind farm penetration in the medium voltage level of
Libyan Distribution Network. A 60 MVA wind farm system has been connected to the
Libyan distribution network according to the Libyan National Initiative. Different pene-
tration scenarios are simulated to testify the technical aspects of integrating WE on the
distribution level.
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Libya is one of the leading and largest exporters and producers of oil and gas in North Africa
and the world with a total area of 1,750,000 km2. It has gifted with a 1900 km Mediterranean
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coastline, which has given it enormous potential to generate electricity from wind and solar
energies. Most of Libya’s population lives on the coastline. The total population is approxi-
mately 6,273,000 [1]. Despite the potential to generate electric energy from wind and solar as a
result of the excellent location, Libya’s contribution to alternative energy remains negligible.
The production of electricity in Libya depends mainly on fossil fuel sources. After the devasta-
tion in Libya since 2011, oil production in Libya has fallen, which has led to a sharp drop in
state exports and a frequent shortage of electricity production [2, 3]. As a result of the economic
development and reconstruction, the demand for energy will substantially increase in the near
future. Therefore, the generation of energy from sustainable energy sources in the country
must be taken into account, since it mainly depends on fossil fuels. To avoid the negative
results in the near future such as the shortage of oil and gas supplies, and the reduction of
emissions from conventional generation sources, the establishment of an urgent plan needs to
be considered. However, renewable energy sources have been utilized in Libya since the 1970s,
but in small-scale applications. In 1976, solar energy has been applied in the electricity cathodic
protection stations for gas pipelines protection. Also, in 1979, four pilot stations in the field of
communications were installed. In 1983, the installation of solar energy systems began to
pump water for irrigation in El-Agailat city. In 2010, a 60 MW project was launched in Derna
due to the high potential for wind power generation with wind speed of between 6 and
7.5 ms�1 at a height of 40 m [1, 4].

According to [5], 10% of the world’s energy will be available through wind power in the next
decade. Also, as a result of planning to make electric power fromwind energy sources, one of the
main sources of electricity in Libya, investigating and verifying the consequence of penetrating
wind energy sources on the electrical grid is one of the most critical studies to provide optimum
stability when integrating wind farms to the grid. The dynamic response of squirrel cage
induction generator (SCIG) with direct grid connection is carried out. In [6, 7], a study proposed
a 36 MW fix speed wind farm connected to the grid. It is found that the study was done through
calculating its power curve and investigating the effects of wind speed at the beginning.

Libya has enormous potential for solar and wind power generation. Figure 1 shows wind
speed in several cities and regions in Libya. It shows the potential for high wind power
production, as in Benina, Sirte, and Derna. From the research side, the possibility of [8].

Figure 1. Average wind speed for different cities in Libya.

Stability Control and Reliable Performance of Wind Turbines40

2. Adverse effects of wind energy conversion units on distribution
networks

The electrical power obtained from wind farm system adversely affects the voltage stability in
the grid. To improve and maintain the voltage stability, prior understanding of the influences
of such sources in terms of power quality and harmonics is significant for better operation and
control of the grid.

2.1. Protection problems

The main function of protection system is to ensure the speed of operation and reliability to
clear and isolate faulty equipment in case of a fault. The role of protection schemes is to
minimize disturbing effects of fault currents and reduce the number of feeder outage. The
penetration level of distributed generation (DG) influences the performance of protective
relays and deteriorates the distribution network reliability.

The philosophy of protection systems in conventional distribution networks relies on the
single direction of power flow from power plants toward the distribution network. The pres-
ence of DG turns out the distribution system operation comparable to the transmission system
operation [9]. The arrangement of protection schemes becomes more difficult when further DG
units connected to the distribution network since DG integration shifts the flow of the power
and raises the short-circuit level. Therefore, the protective relays may not carry on its functions
accurately, since the operation of the protective relays in the distribution level based upon the
short-circuit sensitivity [10]. Introducing DGs to the distribution network associate further
protection issues such as blinding of protective devices, false tripping, and reclosure-fuse
miscoordination [11, 12]. Moreover, DG units can contribute a large current enough to trip
the protective device on the feeder connecting the DG before the protective device on the
faulted line, especially in synchronous machines based [13].

2.2. Power quality problems

Voltage regulation may become a challenge in the presence of DGs. Additionally, some DG
technologies lack the ability to produce reactive power and compensate for voltage reduction
on loaded busbars. The interruption of large DG units in case of faults could influence the
reliability of the entire network. The disconnection of synchronous generators with huge
capacities and the intermittent nature of DG based on renewable sources may cause voltage
fluctuation, especially near these DGs [14, 15]. Some DG technology connected to the grid
through power electronic converters such as wind turbine operates with doubly fed induction
machine and photovoltaic may become a source of power quality problems too. Capacitors
used for induction generators are also a source of harmonics in case of resonances in the
network. The growth in integrating single-phase DGs in distribution network could influence
the voltage profile and create an eminent unbalancing issue. When wind energy is penetrated
into the grid, the power quality of the grid will be affected among other characteristics [16, 17].
The power quality of the grid containing wind systems must comply with the limits and
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requirements of the facilities. Therefore, the characteristics of the grid must be evaluated
properly after the wind energy systems are connected to the grid. Prior knowledge of wind
system characteristics must be adequately defined to avoid the drawbacks of connecting such
sources. The electrical characteristics of wind turbines are usually specified by the manufac-
turer, not by specific site location. For this reason, when the electrical characteristics of a
particular wind turbine are known, their impact on the power quality when connected to a
particular location in the network can be predicted and calculated as a set of units. The
necessity for quality requirements, detailed and applicable documentation on the power qual-
ity of wind sources is required. The International Electrotechnical Commission (IEC) started
work to facilitate this in 1996. As a result, IEC 61400-21 was developed and, today, most large
wind turbine manufacturers provide power quality characteristic data accordingly [18, 19].

3. Modeling of Derna wind farm

Darnah wind farm turbines are located in Derna city, which is located on the coastline of
Mediterranean around (320 290 16.72800 N—latitude 200 490 54.26400—longitude), in the eastern
part of Libya as shown in Figure 2 with population of 80,000 [1].

3.1. Modeling of wind turbine

The wind energy system transfers the kinetic energy extracted from wind into mechanical
energy through rotor blades of the wind turbine, and the permanent magnet synchronous
generator (PMSG) transforms the mechanical energy in the rotor blades into electrical
energy.

Figure 2. The geographic situation of Derna-Libya.
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The power extracting from wind depends on the covered area A of the rotor and the wind
velocity Vw and the air density p. The generated mechanical power Pmech is generally computed
form wind energy using the coefficient of power Cp as follows [4]:

Pmech ¼ 1
2

� �
CP λ;θð ÞArV3

w (1)

The performance coefficient Cp is a function of the A and θ that depends on the wind velocity
Vw, the rotational speed of the shaft wr and the rotor radius Rr.

λ ¼ ωrRr

Vω

� �
(2)

(r.p.m) tends for speed of the rotor, Rr stands for e rotor (m) and Vw stands for velocity of wind
(m/s). The power of the wind turbine versus wind speed and aerodynamic coefficients are
shown in Figure 3.

3.2. Modeling of drive train

The behavior of the drive train dynamics is considered by taking three different model
approaches such as single mass, double mass, and three mass model design in order to know
which of the methods are more noticeable in detaining the performance of the network [17].
The study of drive train models depends upon the complexity of the network. If a study takes
interest about the torsion fatigue, it just has to consider the dynamics of all parts of the
networks [20, 21]. For these aim, double lumped mass or more accurate models are required.
For that, when application targets on the interaction between wind farms and connected loads,
the considered drive train model considered being a single mass model for the sake of simplic-
ity. Due to the direct connection of generator shafts of the turbine, the model of drive train can
be defined as:

Figure 3. Power coefficient Cp (λ, θ) curves.
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requirements of the facilities. Therefore, the characteristics of the grid must be evaluated
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Figure 2. The geographic situation of Derna-Libya.
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dωmech

dt
¼ 1

j

� �
Tmech � Telec � fωmechð Þ (3)

ð
ωmech ¼ θmech (4)

where Tmech stands for the mechanical torque generated by the wind turbine, Telec stands for
the generated electromagnetic torque by the permanent magnet synchronous generator which
can also be represented as a Tgen, j stands for the inertia moment and f stands for the viscous
friction coefficient that cannot be considered in a medium-scale wind turbine. In order to have
the voltage in a-b-c frame from the d-q frame, one can need the angle θ that obtained after
integrating the mechanical speed of the rotor h.

3.3. Modeling of permanent magnet synchronous generator

Themodel used for modeling the synchronous generator, which is based on permanent magnet
(PMSG) is developed on the d-q axes ‘park’ model as shown in Figure 4. The mathematical
model of PMSG is implemented using two-phase synchronous rotating reference frame theory
in which the q-axis is in 90 degrees with the d-axis with reference to the direction of rotation. All
the quantities in the rotor are referred to the stator, and it is given as follows [22, 23]:

Vds ¼ RsIds þ
dϕsd

dt
� ωelecϕsq (5)

Vqs ¼ RsIqs þ
dϕsq

dt
� ωelecϕsd (6)

where the stator fluxes are computed by following equation:

ϕsd ¼ LdIds þ ϕm (7)

ϕsq ¼ LqIqs (8)

Figure 4. PMSG model in steady state condition with respect to the rotor flux reference frame: (a) direct axis and (b)
quadrature axis.
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Now putting the value of ϕsd and ϕsq in Eqs. (5) and (6), so one can land up with the expression

as below:

Vds ¼ RsIds þ d
dt

LdIds þ ϕm

� �� ωelec LqIqs
� �

(9)

Vqs ¼ RsIqs þ d
dt

LqIqs
� �þ ωelec LdIds þ ϕm

� �
(10)

So, again resolving the above mentioned equation we can land up with following equation:

Vds ¼ RsIds þ Ld
d
dt
Ids � ωelec LqIqs

� �
(11)

Vqs ¼ RsIqs þ Lq
d
dt
Iqs þ ωelec LdIds þ ϕm

� �
(12)

Therefore, in order to solve for the d and q axis stator currents, the above mentioned equation
can be formed in the following fashions:

d
dt
Ids ¼ 1

Ld

� �
Vds � RsIds þ ωelec LqIqs

� �� �
(13)

d
dt
Iqs ¼ 1

Lq

� �
Vqs � RsIqs � ωelec LdIdsð Þ � ωelecϕm

� �
(14)

where Rs stands for the stator winding resistance, Ld stands for the stator inductance in direct axis,
Lq stands for the stator inductance in quadrature axis, Vds stands for the direct axis stator voltage,
Vqs stands for the quadrature axis stator voltage, Ids stands for the direct axis stator current, Iqs
stands for the quadrature axis stator current, Welec = Pwmech stands for the speed [19, 24].

Since the permanent magnet synchronous generator (PMSG) is a machine similar to wound
rotor machine which is better for surface-seated applications, the generated electric torque by
the PMSG can be defined as follows:

Telec ¼ 3
2

� �
P ϕmIqs þ Ld � Lq

� �
IdsIqs

� �
(15)

However, if permanent magnet synchronous generator is surface seated, then it is conceivable
to favor the assumption of Ld = Lq. Then torque can be expressed as follows:

Telec ¼ 3
2

� �
P ϕmIqs þ Ld � Ldð ÞIdsIqs
� �

(16)

So, one can land up with the equation as follows:

Telec ¼ 3
2

� �
P ϕmIqs
� �

(17)

In steady-state positions, the active power generated e from permanent magnet synchronous
generator is given by:
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Ps ¼ VdsIds þ VqsIqs (18)

The wind farm is connected to the grid via step-up transformer to the 30 kV busbar [25, 26].

4. Simulation results

Figure 5 shows a single-line diagram of a low-voltage network of Derna City simulated in
NEPLAN [27]. The electric grid as shown in Figure 6 consists of different voltage level busbars.
The network feeds from the 220 KV busbar which connects it to the rest of the Libyan network
through different capacity power transformers. Also, wind turbines with a total capacity of
60 MW, consisting number of turbines with a rated power of 1.65 MW, is connected to the
simplified network in our study. Table 1 shows data for different components in the network
and details of the wind turbines system.

4.1. Load profile

One of the most significant purposes for the integration of renewable energy sources into
distribution networks is to reduce the costs of electricity to the consumers derived from
charging line losses in this cost. The amount of line losses depends on the distance required to
transfer the electric power as well as the value of the drawn current by consumers and thus
affect the optimal economic dispatch based on the network configuration. Distribution net-
work operators need to apply simple methods to predict the power flow in the network to
ensure the balance of energy demand. Proper integration of the renewable energy sources in
the distribution network will reduce the power losses in the transmission lines to a certain

Figure 5. Single-line diagram of a low-voltage network of Derna city simulated in NIPLAN.
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Figure 6. 60 MW wind farm connected to Derna medium voltage network.

Wind bus Isc-3Ø = 10.02a83.5
Isc-1Ø = 7.99a � 78.9
X0/X1 = 1.73

220/30 KV 63 MVA main transformer Positive sequence data:
impedance voltage = 12.76%
X+/R + = 34.1
Zero sequence data:
impedance voltage = 12%
X0/R0 = 34.1

Wind turbine source Rating: 1.65 MW, 0.69 KV, PF = 0.9
Turbine rated wind speed = 15 m/s
Minimum wind speed = 4 m/s
Maximum wind speed = 25 m/s
Swept area = 2828
Rotor diameter = 80 m
Pitch angle = 1
Air density = 1.225 kg/m3

RPM = 15

575/30 KV 2 MVA transformer Positive sequence data:
impedance voltage = 6.25%
X+/R + = 6
Zero sequence data:
impedance voltage = 6.25%
X0/R0 = 6

Bear 325 mm2 30 kV transmission line Z+ = 0.1162 + 0.385 j Ω/km
Z0 = 0.3486 + 1.155 j Ω/km

Table 1. Parameters of electric network and wind energy system.

Power Quality and System Stability Impact of Large-Scale Distributed Generation on the Distribution Network:…
http://dx.doi.org/10.5772/intechopen.74796

47



Ps ¼ VdsIds þ VqsIqs (18)

The wind farm is connected to the grid via step-up transformer to the 30 kV busbar [25, 26].

4. Simulation results

Figure 5 shows a single-line diagram of a low-voltage network of Derna City simulated in
NEPLAN [27]. The electric grid as shown in Figure 6 consists of different voltage level busbars.
The network feeds from the 220 KV busbar which connects it to the rest of the Libyan network
through different capacity power transformers. Also, wind turbines with a total capacity of
60 MW, consisting number of turbines with a rated power of 1.65 MW, is connected to the
simplified network in our study. Table 1 shows data for different components in the network
and details of the wind turbines system.

4.1. Load profile

One of the most significant purposes for the integration of renewable energy sources into
distribution networks is to reduce the costs of electricity to the consumers derived from
charging line losses in this cost. The amount of line losses depends on the distance required to
transfer the electric power as well as the value of the drawn current by consumers and thus
affect the optimal economic dispatch based on the network configuration. Distribution net-
work operators need to apply simple methods to predict the power flow in the network to
ensure the balance of energy demand. Proper integration of the renewable energy sources in
the distribution network will reduce the power losses in the transmission lines to a certain

Figure 5. Single-line diagram of a low-voltage network of Derna city simulated in NIPLAN.

Stability Control and Reliable Performance of Wind Turbines46

Figure 6. 60 MW wind farm connected to Derna medium voltage network.

Wind bus Isc-3Ø = 10.02a83.5
Isc-1Ø = 7.99a � 78.9
X0/X1 = 1.73

220/30 KV 63 MVA main transformer Positive sequence data:
impedance voltage = 12.76%
X+/R + = 34.1
Zero sequence data:
impedance voltage = 12%
X0/R0 = 34.1

Wind turbine source Rating: 1.65 MW, 0.69 KV, PF = 0.9
Turbine rated wind speed = 15 m/s
Minimum wind speed = 4 m/s
Maximum wind speed = 25 m/s
Swept area = 2828
Rotor diameter = 80 m
Pitch angle = 1
Air density = 1.225 kg/m3

RPM = 15

575/30 KV 2 MVA transformer Positive sequence data:
impedance voltage = 6.25%
X+/R + = 6
Zero sequence data:
impedance voltage = 6.25%
X0/R0 = 6

Bear 325 mm2 30 kV transmission line Z+ = 0.1162 + 0.385 j Ω/km
Z0 = 0.3486 + 1.155 j Ω/km

Table 1. Parameters of electric network and wind energy system.

Power Quality and System Stability Impact of Large-Scale Distributed Generation on the Distribution Network:…
http://dx.doi.org/10.5772/intechopen.74796

47



level. This will contribute to the postponement of network infrastructure promotion. Various
methods to determine the optimal capacity and location of each renewable DG at the mini-
mum line losses, among which is Branch power loss formula as given in Eq. (19) [28]. Figure 7
shows the loading profile of distribution transformers with different capacities through the
day. Figure 8 shows the power supplied by the main feeder of the network in different wind
farm penetration level.

Figure 7. The loading Profile of 20, 10 and 5 MW Distribution Transformers During 24 Hours.

Figure 8. MW power from main feeder with different wind farm penetration.
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PLoss ¼
Xn

i¼1

P2
bi þQ2

bi

Vij j2 Ri (19)

where Pbi = Active power at branch i, Qbi = Reactive power at branch i, Vij j = Magnitude of
voltage at bus i.

The investigation of the load curve during the day shows a difference in loading ratios. The
maximum rate of loading occurs at 20:30 due to switching lights in most homes. The investi-
gation of energy feeding from the transmission system during the day showed the highest
contribution from the grid 180 MWoccur during the period of the sunset due to lighting loads,
and since most loads in the network is a household loads. The electric supply from the grid
decreases at the highest rate of integration of wind farm. This reduces the stress on the cables
and improves the voltage profile on all busbars.

4.2. Voltage profile

Injection of renewable energy sources into the distribution network alters the direction of
power flow in the grid. As a result, it enhances the voltage profile. The integration of such
sources thus improves the voltage at feeder endings and thus improves the quality of the
power fed to consumers as a whole [28]. The benefits of DG penetration on the voltage profile
improvement can be evaluated as follows:

V11 ¼
V11=wDG

V11=w0DG
(20)

V11=wDG ¼
Xn

i¼1

ViLPiWi (21)

V11=woDG ¼
Xn

i¼1

Vi0LPiWi (22)

Xn

i¼1

Wi ¼ 1 (23)

If all the loads at bus i are equally weighted, Wi expressed as

W1 ¼ W2 ¼ W3 ¼ Wn ¼ 1
n

(24)

where

V11 = Voltage profile improvement benefits.

V11=wDG = General expression for voltage profile at bus I with the application of renewable DG
units.
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V11=woDG = General expression for voltage profile at bus I without the application of renewable
DG units.

Vi0 = Voltage at bus I per unit without renewable DG.

Vi = Voltage at bus I per unit with renewable DG.

LPi = Load at bus I (per unit).

N = Number of busses in the power system.

Wi = weighting factor for bus i.

To investigate the fluctuation effects of wind energy source penetration, the voltage profile of
different busbars is considered to display and show the excessive loading on the distribution
busbars. The voltage profile for different busbars is illustrated in Figure 9. The influence of
wind energy penetration on the voltage profile is slightly low, and this effect could be
increased on radially connected busbars. The impact of wind generation will be noticeable at
the busbar of point of common coupling (PCC) connecting the wind turbine to the electric grid.
It is shown in Figure 10.

It is clear from the figures above, the voltages of all nodes have improved after interconnection
of wind farm. The enhancement in voltage for busbars near from busbar of point of common
coupling is better than the rest of other busbars in the network.

4.3. Harmonic distortion

The harmonics are created when non-sinusoidal currents and non-sinusoidal voltages increase
in the network, and these distortions are generally called harmonic distortion [29, 30]. The

Figure 9. Voltage profile for different busbars for 1 day.
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basic conditions that lead to network consonances usually result from nonlinear loads, voltage
imbalances. Power quality studies are carried out due to summation law [31]. The total harm-
onic current distortion is given as:

Figure 10. Voltage profile of point of common coupling (PCC).

Figure 11. Simulated network with wind energy system.
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ITHD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X40

h¼2

I2h
I1
100

s
(25)

Harmonics contributed by wind turbines in the network may cause a problem due to the
existing harmonics in the network. The current waveform of wind turbines is non-sinusoidal
and distorted due to low integer harmonics of second and fifth harmonics. The variable speed
of wind turbine equipped with power electronic converters causes an increase in the harmonic
distortion at the point of common coupling. Figure 11 shows the simulated model in
MATLAB/SIMULINK.

Measurement of harmonics taken from node 575. Measurement of a number of harmonics in
currents has been carried out for different penetration level to study the effect of the penetra-
tion on the amount of harmonics in the network. Figures 12–14 represent the harmonics values

Figure 12. FFT output of total harmonic current distortion for 20 MW penetration.
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in currents of the main busbar connecting wind farm for 20, 40, and 60 MWof penetration from
wind farm. These results were extracted and implemented using MATLAB/SIMULINK after
simplifying several wind turbines as one unit.

Figure 12 represents the harmonic current distortion for 20 MW penetration from wind energy
system to the network. However, the total harmonic distortion shows slightly significant
increase in the percentage of harmonic currents at PCC specially second and third harmonic
currents to reach a value of 4.99% at PCC.

Figure 13 represents the harmonic current distortion for 20 MW penetration from wind energy
system to the network. Moreover, the total harmonic distortion shows further slightly increase
in the percentage of harmonic currents at PCC especially second and third harmonic currents
to reach a value of 10.07% at PCC.

Figure 14 represents the harmonic current distortion for 60 MW penetration from wind energy
system to the network. Moreover, the total harmonic distortion shows further highly increase

Figure 13. FFT output of total harmonic current distortion for 40 MW penetration.
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in currents of the main busbar connecting wind farm for 20, 40, and 60 MWof penetration from
wind farm. These results were extracted and implemented using MATLAB/SIMULINK after
simplifying several wind turbines as one unit.

Figure 12 represents the harmonic current distortion for 20 MW penetration from wind energy
system to the network. However, the total harmonic distortion shows slightly significant
increase in the percentage of harmonic currents at PCC specially second and third harmonic
currents to reach a value of 4.99% at PCC.

Figure 13 represents the harmonic current distortion for 20 MW penetration from wind energy
system to the network. Moreover, the total harmonic distortion shows further slightly increase
in the percentage of harmonic currents at PCC especially second and third harmonic currents
to reach a value of 10.07% at PCC.

Figure 14 represents the harmonic current distortion for 60 MW penetration from wind energy
system to the network. Moreover, the total harmonic distortion shows further highly increase

Figure 13. FFT output of total harmonic current distortion for 40 MW penetration.
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in the percentage of harmonic currents at PCC especially second and third harmonic currents
to reach a value of 20.08% at PCC.

The simulation is done at the selected PCC of 33 KV busbar system. The simulation result of
current THDs is having low values. Three phases waveform of output currents at 33 KV
busbar system is shown. From the three graphs, the result summary of harmonic currents is
within permissible limits as compared to IEEE standard values and comply with the grid
requirements. Therefore, it can be said that the wind farm power quality is sufficient and did
not affect the grid system power quality, except for the case of 60 MW.

5. Conclusion

This chapter has interpreted the technical challenges of penetrating wind DG into the distribu-
tion system. Renewable DG can perform many significant functions in the economic, technical

Figure 14. FFT output of total harmonic current distortion for 60 MW penetration.
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and environmental operation of an electric network. A wind energy system interconnected to a
real network was investigated. Loads were programmed by NEPLAN. Actual wind measure-
ments were used in this study to measure the extent to which wind power can be provided
while ensuring a reasonable power quality and commensurate with international standards. It
can be noticed from the results that the influence of the wind energy system can be significant
on point of common coupling, which is close to the wind farm. Investigation of the cables
connected in a mesh is less affected by the fluctuation more than the cables connected in radial
can be further performed. It is also noticeable that energy losses decrease with increased
penetration of the wind farm. From the analysis of the harmonic currents in MATLAB/
SIMULINK, their impact on the power quality of the energy is insignificant, the effect of the
harmonic currents on the grid increase with increasing penetration of wind farm. Finally, it can
be said that the performance of the wind farm falls within the limits of international standards
but may increase its impact on the voltage profile and energy losses, and power quality with
increased penetration of wind energy.
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and environmental operation of an electric network. A wind energy system interconnected to a
real network was investigated. Loads were programmed by NEPLAN. Actual wind measure-
ments were used in this study to measure the extent to which wind power can be provided
while ensuring a reasonable power quality and commensurate with international standards. It
can be noticed from the results that the influence of the wind energy system can be significant
on point of common coupling, which is close to the wind farm. Investigation of the cables
connected in a mesh is less affected by the fluctuation more than the cables connected in radial
can be further performed. It is also noticeable that energy losses decrease with increased
penetration of the wind farm. From the analysis of the harmonic currents in MATLAB/
SIMULINK, their impact on the power quality of the energy is insignificant, the effect of the
harmonic currents on the grid increase with increasing penetration of wind farm. Finally, it can
be said that the performance of the wind farm falls within the limits of international standards
but may increase its impact on the voltage profile and energy losses, and power quality with
increased penetration of wind energy.
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Abstract

Due to wind turbine is in class of complex nonlinear system so the precise model of this
plant is not accessible, therefore it can be categorized as an uncertain model. So, control-
ling of this system is a demanding topic. Many of schemes which presented for controlling
of wind turbines investigate these systems in a good weather condition. However, many
turbines work in severe weather condition. In this study, wind turbine is suggested in cold
weather, and in ice on turbine blades which they are considered as uncertainties in the
model. A robust controller is designed for the wind turbine, to control the pitch angle.

Keywords: ice formation on wind turbine blades, robust mu control, uncertainty, wind
turbine

1. Introduction

The growth of the population in world causes to increase of electrical power consumption.
Overpopulation also leads to depletion of fossil fuel energy, degradation of environment. These
consequences motivate scholars to seeking better ways to produce electrical power [1, 2]. There-
fore, alternative energies where their sources are Renewable can be an effective alternative way
to produce electricity that generate from natural processes that can be refilled continually and are
unpredictable. Therefore, the control of this kind of energy is challengeable. The renewable
energy is practical because of its being low-priced, easily accessible, and purity of the energy.
Wind turbine is a tool which is operates on a noncomplex principle that transforms the kinetic
energy of wind into electrical energy. Various control methods are presented to regulate the wind
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turbine speed for effective power generation and to maintain the turbine elements within
designed speed and torque bounds [1, 3]. In [4] performance of the turbine for working in
various operation is investigated and for operating in the third are a controller is designed. In
[5], a well-known robust controller which is named as sliding mode controller is utilized to
control power as well as to adjust wind’s rotor speed and turbine generator. Due to exist the
nonlinear in the characteristics of the controller, just two uncertainties such as spring constant
and damping coefficient have been considered and employed to the wind turbine system. The
main problem of this scheme is the chattering that produce by Sliding mode controller on control
actions in [6], another robust controller is proposed to view all of the uncertainties. These
uncertainties comprise the uncertainty is produced from the linearization procedure and minor
deviations, and from damping coefficient and spring constant. These approaches are applied to
control the pitch angle and enlarge electrical power generation [7]. In many cases, the perfuming
of the wind turbine is examined in appropriate weather conditions. But, a robust controller is
designed in this paper to keep the performing of the wind turbine in a severe weather conditions,
like snow or in a situation that rain droplets freeze on the turbine blades [8]. In these scenarios,
when the turbine blades freeze, the mass of the rotor would be changed and the electric power
decreases. Then, the controller is given to regulate the speed of the generator after employing the
uncertainties in the inertia and other factors [9, 10]. In light of the pitch angle and the speed of the
rotor the kind of wind turbine applied in this research has different rotor speed and different
pitch angle. The regulation of the changeable pitch angle and the changing rotor speed, respec-
tively, lead to increasing of the electrical power and decreasing of the dynamic load of the
turbine. It should be mentioned that that the modification of the variable rotor speed not only
minimizes the turbine’s dynamic load, but also increases the system’s lifespan [11, 12]. The aim
of designing the controller is to maximize the electrical power production at lowwind speed and
to keep it at high wind speed. In comparison with other publications that have done on wind
turbine, it is the first time which the uncertainty that arises from icing of wind blade is consid-
ered, and for this condition then robust controller is proposed.

2. Wind turbine model

2.1. Wind turbine

Effective wind speed is a nonlinear stochastic process that is approximated by a linear model in
order to simplify and satisfy the control objectives [9]. There are two terms in the wind model:

V ¼ Vt þ Vm (1)

In this model the wind has two elements, mean value term (Vm) and turbulent term (Vt).

In which:

Vm ¼ 1
T

ðtþT
2

t�T
2

v τð Þdτ (2)
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The turbulent term Vt can be modeled by:
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where, v∈N 1; 0ð Þ and the parameters p1, p2 and k depend on the mean value of the wind speed
(VmÞ.

2.2. Nonlinear model of wind turbine system

In this section, for deriving the model, the entire wind turbine is separated into four
subsystems: aerodynamics subsystem, mechanical subsystem, generator subsystem and
pitch actuator subsystem. The aerodynamic subsystem transforms wind forces into
mechanical torque and thrust on the rotor. The mechanical subsystem contains of the
drivetrain, tower and blades. The drivetrain converts torque of the rotor to the electrical
generator. The tower keeps the nacelle and resists the thrust force and the blades transform
wind forces into the aerodynamics torque and thrust. The generator subsystem transforms
mechanical energy to electrical energy and finally the blade-pitch and generator-torque
actuator subsystems are portion of the control model. To model the overall wind turbine,
models of these subsystems are attained and at the end they are linked together. A wind
model is attained and increased with the wind turbine model to be considered for wind
speed estimation. Figure 1 shows the basic subsystems and their interactions.

Numerous degrees of freedom can be used to model the plant, but for control design mostly
just a less important degrees of freedom are used. In this study we just use two degrees of
freedom, namely the rotational degree of freedom (DOF) and drivetrain torsion. The subsys-
tems nonlinear model of wind turbine is used in the following:

2.2.1. Aerodynamics subsystem

The following nonlinear equation is the model of the aerodynamics subsystem [13]:

Figure 1. Schematic of the wind turbine.
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turbine speed for effective power generation and to maintain the turbine elements within
designed speed and torque bounds [1, 3]. In [4] performance of the turbine for working in
various operation is investigated and for operating in the third are a controller is designed. In
[5], a well-known robust controller which is named as sliding mode controller is utilized to
control power as well as to adjust wind’s rotor speed and turbine generator. Due to exist the
nonlinear in the characteristics of the controller, just two uncertainties such as spring constant
and damping coefficient have been considered and employed to the wind turbine system. The
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2. Wind turbine model

2.1. Wind turbine

Effective wind speed is a nonlinear stochastic process that is approximated by a linear model in
order to simplify and satisfy the control objectives [9]. There are two terms in the wind model:

V ¼ Vt þ Vm (1)

In this model the wind has two elements, mean value term (Vm) and turbulent term (Vt).

In which:

Vm ¼ 1
T
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t�T
2

v τð Þdτ (2)
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where, v∈N 1; 0ð Þ and the parameters p1, p2 and k depend on the mean value of the wind speed
(VmÞ.

2.2. Nonlinear model of wind turbine system

In this section, for deriving the model, the entire wind turbine is separated into four
subsystems: aerodynamics subsystem, mechanical subsystem, generator subsystem and
pitch actuator subsystem. The aerodynamic subsystem transforms wind forces into
mechanical torque and thrust on the rotor. The mechanical subsystem contains of the
drivetrain, tower and blades. The drivetrain converts torque of the rotor to the electrical
generator. The tower keeps the nacelle and resists the thrust force and the blades transform
wind forces into the aerodynamics torque and thrust. The generator subsystem transforms
mechanical energy to electrical energy and finally the blade-pitch and generator-torque
actuator subsystems are portion of the control model. To model the overall wind turbine,
models of these subsystems are attained and at the end they are linked together. A wind
model is attained and increased with the wind turbine model to be considered for wind
speed estimation. Figure 1 shows the basic subsystems and their interactions.

Numerous degrees of freedom can be used to model the plant, but for control design mostly
just a less important degrees of freedom are used. In this study we just use two degrees of
freedom, namely the rotational degree of freedom (DOF) and drivetrain torsion. The subsys-
tems nonlinear model of wind turbine is used in the following:

2.2.1. Aerodynamics subsystem

The following nonlinear equation is the model of the aerodynamics subsystem [13]:

Figure 1. Schematic of the wind turbine.
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Pr ¼ 1
2
rπR2V2Cp λ; β

� �
(5)

Where, Pr is the electrical power of rotor, r is the density of wind (Kgm3), R is the radius of the
blades (m), V is the wind speed (m/s), λ is the tip speed ratio, β is the pitch angle, Cp the power
coefficient, λ is the ratio between the blade tip speed and the wind speed:

λ ¼ V
Rωr

(6)

where the ωr is the angular speed of rotor. The derivative of Cp with respect to both λ and β are
therefore used extensively in the control designs. In previous work, numerical derivatives of Cp

with respect to λ and θ have been successfully obtained and utilize in linear control designs.
However, the nonlinear controllers have proven sensitive towards the noise introduced by the
numerical derivations, making it difficult to validate the responses obtained by e.g. a feedback
linearizing controller. Consequently, it has been Chosen to base the aerodynamic model on an
analytic expression of Cp. The relation between Cp, β and λ can be written as [13]:

Cp λ; β
� � ¼ 0:22

116
λt

� 0:6β� 5
� �

exp
12:5
λt

� �
(7)

where,

1
λt

¼ 1
λ�1 þ 0:12β

� 0:035

1:5β
� �2 þ 1

(8)

2.2.2. Generator subsystem

The synchronous generator is supposed to be idea, so the power of generator is calculated in [14]:

Pe ¼ Tgωg (9)

The Pe denoted electrical power of generator, the generator’s angular speed is shown by
ωg and the Tg represents generator torque which is controllable, although, it is not practical to
change immediately. The response of generator’s dynamic is modeled with a first order linear
model [6]:

_Tg ¼ � 1
τT

Tg þ 1
τT

Tg,r (10)

where Tg,r represents the generator torque reference value and the time constant is denoted by τT

2.2.3. Pitch actuator subsystem

The blade’s pitch begins to change by a hydraulic/mechanical actuator to push the angle of
blade β to tracks the reference of blade angle βin, The pitch of the blades is changed by a
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hydraulic/mechanical actuator Eq. (11) is a first order linear model which is a simplified of the
dynamic model [6]:

_β ¼ � 1
τβ

βþ 1
τβ

βin (11)

where τβ is the time constant.

2.2.4. Mechanical Subsystem

Figure 2 shows a schematic of the wind turbine mechanics. The turbine is split into two parts,
separated by the transmission: The rotor side and the generator side [15].

Jr denotes the inertia which is on the rotor side and generator side is represented by Jg which is
on the leftmost and the rightmost disc respectively. The shaft link the rotor to the transmission
is subject to huge torques that leads it to twist, so the shaft is suitably modeled as a damped
spring. Tr, which denotes rotor torque, excites the model on the left Tg that represents the
generator torque excites the model on the right. The torques and Tsg are the torques at each
side of the transmission part and has relation byNg represents the gear ratio which is a relation
between Tsr and Tsg that are named the torque of each side of the transmission part.

Tsg ¼ Tsr

Ng
(12)

The equations describing the dynamics are obtained using Newton’s second law for rotating
bodies. This results in two equations: one for the rotor side and one for the generator side.

_ωr ¼ Tr � Tsr (13)

_ωg ¼ Tg � Tsg (14)

Figure 2. Schematic of the wind turbine mechanics.
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separated by the transmission: The rotor side and the generator side [15].

Jr denotes the inertia which is on the rotor side and generator side is represented by Jg which is
on the leftmost and the rightmost disc respectively. The shaft link the rotor to the transmission
is subject to huge torques that leads it to twist, so the shaft is suitably modeled as a damped
spring. Tr, which denotes rotor torque, excites the model on the left Tg that represents the
generator torque excites the model on the right. The torques and Tsg are the torques at each
side of the transmission part and has relation byNg represents the gear ratio which is a relation
between Tsr and Tsg that are named the torque of each side of the transmission part.
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The equations describing the dynamics are obtained using Newton’s second law for rotating
bodies. This results in two equations: one for the rotor side and one for the generator side.
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Figure 2. Schematic of the wind turbine mechanics.
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Introducing a variable δ [rad] describing the twist of the shaft, leads to the following equation
describing the twist of the flexible shaft [16]:

Tsr ¼ Dr _δ þ Krδ (15)

where:

δ ¼ Ωr �
Ωg

Ng
, _δ ¼ ωr �

ωg

Ng
(16)

In the above equations, Dr represents the damping and Kr denotes spring coefficient, angular
speed of rotor is defined by ωr, the angular speed of generator represent by ωg, Ωr and Ωg are
used to define the default shaft angle at the rotor and the default shaft angle at the generator,
respectively.

2.3. Linearized models of wind turbine system

As it was discussed in previous section, for design a controller a linear model of the system is
needed. The input of this model is wind [17]:

input ¼ V βin Tg, r
� �T (17)

And outputs of the system include:

output ¼ ωr ωg Pe
� �

(18)

Having all the equations, system equations become: [8]:

_ωr ¼ a�Dr

Jr
ωr � a�Dr

JrNg
ωg � Kr

Jr
δþ a14β (19)

_ωg ¼ Dr

NgJg
ωr � Dr

Ng
2Jg

ωg þ Kr

JgNg
δ� 1

Jg
Tg (20)

_δ ¼ ωr �
ωg

Ng
(21)

_β ¼ � 1
τβ

βþ 1
τβ

βin (22)

_Tg ¼ � 1
τT

Tg þ 1
τT

Tg,r (23)

_Vt ¼ Vt (24)

€Vt ¼ � 1
p1p2

Vt � p1 þ p2
p1p2

_Vt þ k
p1p2

v (25)
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In which Jr and Jg are rotor and generator moments of inertia, τβ and τT are time constants of
the first order actuator models

3. Uncertainties model

Various uncertainties have been examined in the current literature. These uncertainties derive
from approximated and process parameters in a nonlinear system which changes as the
operating point changes, a matter causing the electrical power production to reduce. There
are always discrepancies between real system and mathematical models, which lead to uncer-
tain models. In this work, sources of uncertainties are taken to be:

• Uncertainty in the drivetrain stiffness and damping parameters.

• Uncertainty in the linearized model.

Although, all control design presented design for moderate temperature. Decreasing the tem-
perature in winter has devastating properties on the wind turbine. Ice on the elements of wind
turbine leads some serious problems. Even a few amount of ice on the blades worsens the
aerodynamic performance of the wind turbine. It not only decreases the output power energy,
but also raises the abrasion between the elements [11, 16]. In other word, the ice in cold places
and the high density of air at cold climate have damaging properties on aerodynamics.
Fluctuation of produced power and load are reason for such dysfunctionality. Masses of the
ice on the turbine cause fluctuation on the frequency of the turbine’s elements and also the
behavior of the system’s dynamic [10–12]. In addition, this condition has effect on control
plant. In other word, the performance of the turbine system worsens through wrong data
sending [11]. Previous article dealing with this issue have presented approaches like observa-
tion, the use of sensors and monitors, considering aerodynamic sound, etc., to recognize ice.
The control schemes are then designed to eliminate the ice [9, 10, 17].

3.1. The impact of cold weather on the operation of wind turbine

In this research, for the first time a new approach is advanced to enhance the wind turbine
performance in cold climate conditions and to stop the damage which cause about the shut-
down of the turbine. Because of the structure of the wind turbine, when frozen blades’ masses
changes, the rotor mass will be changed and lead to the inertia of rotor. These variations will
effect on equations of the wind turbine and optimal power creation. Therefore, control of
turbine and optimal power output could be possible by considering the inertia of the rotor as
a new component of uncertainty in the plant. The value of this uncertainty differs with
decreasing the temperature and the turbine’s production capacity. In [18], imbalance of the
blade was simulated by scaling the density of mass of one blade, which generates an imbalance
distribution of mass with respect to the rotor. Furthermore, the aerodynamic asymmetry was
simulated by adjusting the pitch of one blade, which produces an imbalance torque across the
rotor. In our work, the blade imbalance in blade is due to icing on the blade. Thus, the uneven
of the blade is considered about 20% as uncertainty. A robust control is designed to control the
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perature in winter has devastating properties on the wind turbine. Ice on the elements of wind
turbine leads some serious problems. Even a few amount of ice on the blades worsens the
aerodynamic performance of the wind turbine. It not only decreases the output power energy,
but also raises the abrasion between the elements [11, 16]. In other word, the ice in cold places
and the high density of air at cold climate have damaging properties on aerodynamics.
Fluctuation of produced power and load are reason for such dysfunctionality. Masses of the
ice on the turbine cause fluctuation on the frequency of the turbine’s elements and also the
behavior of the system’s dynamic [10–12]. In addition, this condition has effect on control
plant. In other word, the performance of the turbine system worsens through wrong data
sending [11]. Previous article dealing with this issue have presented approaches like observa-
tion, the use of sensors and monitors, considering aerodynamic sound, etc., to recognize ice.
The control schemes are then designed to eliminate the ice [9, 10, 17].

3.1. The impact of cold weather on the operation of wind turbine

In this research, for the first time a new approach is advanced to enhance the wind turbine
performance in cold climate conditions and to stop the damage which cause about the shut-
down of the turbine. Because of the structure of the wind turbine, when frozen blades’ masses
changes, the rotor mass will be changed and lead to the inertia of rotor. These variations will
effect on equations of the wind turbine and optimal power creation. Therefore, control of
turbine and optimal power output could be possible by considering the inertia of the rotor as
a new component of uncertainty in the plant. The value of this uncertainty differs with
decreasing the temperature and the turbine’s production capacity. In [18], imbalance of the
blade was simulated by scaling the density of mass of one blade, which generates an imbalance
distribution of mass with respect to the rotor. Furthermore, the aerodynamic asymmetry was
simulated by adjusting the pitch of one blade, which produces an imbalance torque across the
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turbine in the existence of uncertainty because of the blade imbalance icing [19]. The uncer-
tainties in the wind turbine comprise the linearized model parameters which is extracted from
the nonlinear plant, spring constant, and damping coefficient that alteration as the working
point diverges; another uncertainty which is added to the system because of the presence of
noise and disturbance in the input signal. All of these uncertainties are considered in appro-
priate weather conditions. In this work, cold climate condition and inertia of rotor are consid-
ered as other sources of uncertainty in the wind turbine system [20, 21].

3.2. Frequency response of wind turbine

These icy turbine blades change the rotor mass. Under the frequency response analysis of the
system is shown in Figure 3, the rotor inertia uncertainty can be considered between the range
of 0 and 20% and The Wind turbine system is stability:

According to, the red color is nominal frequency response and blue color is system uncer-
tainties that uncertainty is considered between the range of 0–20%. The system has positive
phase margin and positive gain margin, so it is stable.

Figure 3. Bode diagram open loop system with 20% uncertainty of inertia rotor.
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Figure 4 shows that the system is unstable by considering range of uncertainty between 20 and
30%. So system uncertainties are defined between 0 and 20%.

The uncertainties in parameters can be shown as follows:

Kr ¼ Kr 1þ pKr
δKr

� �
(26)

Dr ¼ Dr 1þ pDr
δDr

� �
(27)

a ¼ a 1þ paδa
� �

(28)

a14 ¼ a14 1þ pa14δa14
� �

(29)

Jr ¼ Jr 1þ pJrδJr
� �

(30)

Two reasons exist which explain that spring coefficient and the damping can be considered as
uncertainties. One reason is, there exist divergence in the spring variables from fabrication to
fabrication, and manufacturer to manufacturer and other reason, it should be consider that the

Figure 4. Bode diagram open loop system with 30% uncertainty of inertia rotor.
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spring parameter and damping can be changed during a long time because of continuous
working, and aging. In previous equations, Kr, Dr, a, a14 are nominal parameter values,
resulting from the spring constant, damping coefficient, linearization process and rotor inertia,
respectively. pKr

, pDr
, pa, pa14 indicate maximum relative uncertainties that are for uncertainty

parameters shown in Table 1.

δKr , δDr , δa, δa14 and δJr are relative changes in these parameters. Therefore:

δKrj j ≤ 1, δDrj j ≤ 1, δaj j ≤ 1, δa14j j ≤ 1, δJr
�� �� ≤ 1 (31)

4. Robust design controller

4.1. Closed loop system design specifications

Figure 5 shows the block diagram of Wind turbine closed loop system, including the feedback
structure, the controller, as well as the model uncertainties and performance objectives weights.

In Figure 5, (r) shows the reference input, (V) represents the wind speed which has distur-
bance, (n) denotes noise and eu and ey are considered as two output costs. The system (R)

Parameter Description Unit Tolerance

Kr spring coefficient Nm=rad �10%

Dr Damping kg:m2

rad:s

� � �10%

A Linearization parameter — �20%

a14 Linearization parameter — �20%

Jr rotor inertia kg:m2 þ20%

Table 1. Parameter uncertainties of the wind turbine.

Figure 5. Block diagram of the closed-loop system with performance specifications [22].
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represents the performance when model is ideal, to which the designed closed-loop system
wants to reach [23]. The transfer function of model is chosen in a way that the time response of
the reference signal has an overshoot less than around 5%. Inside the dots rectangle is the ideal
model, which shows with, Gnom of the wind turbine model and the block Δ that parameterizes
uncertainties in the model. To find the wanted performance, inputs r can be obtained from the
transfer function matrix, and we need to find disturbance in V and also n to outputs eu and ey.
Thus the infinity norm of that transfers function can be minor for the entire existing uncer-
tainty variable. The position noise signal is attained by moving the unit-bounded signal which
is shows by n through the weighting transfer matrix which denotes Wn. The transfer matrices
Wp and Wu represent the relative significance of the diverse frequency spans for which the
performance is needed. So, the performance aim can be reorganize, with probable slight
conservativeness, like that transfer function matrix infinity norm be less than 1. So Δ matrix is
given in following form:

Δ ¼ diag pKr
; pDr

; pa; pa14 ; pJr

� �
(32)

This transfer function can be written as [21]:

eu
ey

� �
¼ Wp SoGuK� Rð Þ

WuSiK

WpSoGv

�WuKSoGv

�WpSoGuKWn

�WuKSoWn

" # r
V
n

2
64

3
75 (33)

where Si ¼ I þ KGð Þ�1 and So ¼ I þ GKð Þ�1 are the input and output sensitivities, repectively.
Note that SoG is the transfer function between V and y.

4.1.1. Robust stability

By definition, the closed loop system achieves robust stability if the closed loop system is
internally stable for each possible plant dynamics G ¼ Fu Gnom;Δð Þ.

4.1.2. Robust performance

The closed loop system must remain internally stable for each G ¼ Fu Gnom;Δð Þ and in addition
the performance criterion should be satisfied for each G ¼ Fu Gnom;Δð Þ [21].

4.2. Matching transfer function and weighting transfer functions

In the case of mu controller optimization design, we have to define the model transfer function
which is denote with R and the weighting transfer functions that are nominated with Wn, Wp

and Wu.

The model transfer function is selected therefore the time response to the reference signal has
an overshoot fewer than 50% and a settling time not more than 1 ms. A probable plant which
please the requirements is:
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This transfer function can be written as [21]:
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where Si ¼ I þ KGð Þ�1 and So ¼ I þ GKð Þ�1 are the input and output sensitivities, repectively.
Note that SoG is the transfer function between V and y.

4.1.1. Robust stability

By definition, the closed loop system achieves robust stability if the closed loop system is
internally stable for each possible plant dynamics G ¼ Fu Gnom;Δð Þ.

4.1.2. Robust performance

The closed loop system must remain internally stable for each G ¼ Fu Gnom;Δð Þ and in addition
the performance criterion should be satisfied for each G ¼ Fu Gnom;Δð Þ [21].

4.2. Matching transfer function and weighting transfer functions

In the case of mu controller optimization design, we have to define the model transfer function
which is denote with R and the weighting transfer functions that are nominated with Wn, Wp

and Wu.

The model transfer function is selected therefore the time response to the reference signal has
an overshoot fewer than 50% and a settling time not more than 1 ms. A probable plant which
please the requirements is:
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R sð Þ ¼ 1
0:48s2 þ 0:95sþ 1

(34)

In Figure 6, the response of matching model to power electrical input is shown.

The noise shaping functionWn is determined on the basis of the spectral density of the position
noise signal. In the given case it is taken as the high-pass filter. In this case output has a
noteworthy spectral content more than 500 Hz. For this type of filter, the position noise signal
is just 0.95 V in the low-frequency values but it is 1 V in the high-frequency values that matches
to a position error of around 5% without width.

Wn sð Þ ¼ 95� 10�5 0:1sþ 1
0:001sþ 1

(35)

So the frequency response is shown in Figure 7.

The closed-loop system performance specifications are reflected by the weighting performance
function Wp.

Wp sð Þ ¼ 0:95
2sþ 50

2sþ 0:005
(36)

Figure 8 shows the frequency response of the inverses of this weighting function.

It is shown that in a selection, the objective is to obtain a minor variance between the system
and outputs of the model, and a minor effect of the disturbance on outputs of the system. This
will ensure nice tracking of the reference input and minor error because of the low-frequency

Figure 6. Response of matching model to electrical power input.
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disturbances. The weight of control function is usually selected as high-pass filters to make
sure that the control action will not surpass 25�.

Wu sð Þ ¼ 0:022
0:8s2 þ 10sþ 2

3:5� 10�4s2 þ 20� 10�2sþ 2
(37)

Figure 9 shows the frequency response of this weighting function Wu.

According to the above figure, effort control is very low in low- frequencies that cause reduced
the control cost.

4.3. Robust μ controller design

The objective of controller with applying the μ synthesis scheme is the stabilizing of the closed
loop of the plant and pleasing all of the control demands. In the existence of measurement
noise, disturbance in the wind, and uncertainties, the closed-loop plant should have the robust
efficiency. Therefore, the purpose of μ controller scheme is design a controller where the wind

Figure 7. Frequency response of noise filter Wn:
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Figure 8. Frequency response of weighting function 1
Wp

.

Figure 9. Frequency response of weighting function Wu .
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turbine can track the reference input of generated electrical energy when noise and disturbance
are exist. In Figure 10, the schematic of the closed loop model which is utilized with the
defined uncertainties is depicted for μ controller model design.

From the figure, it can be seen that yc is defined as the difference between noisy output and the
reference and the transfer function P(s) shows the open-loop transfer function matrix with 10
inputs and eight outputs. The upper linear fractional transformation (LFT) of the closed loop
system is:

P ¼ Fu Pnom;Δrð Þ (38)

where Pnom is the nominal transfer function matrix, Δr includes five uncertainties in the wind
turbine model. We assume ΔP is defined the structure of uncertainties block as follows:

Δp ¼
Δr 0
0 Δf

" #
;Δr ∈ℜ5�5;Δf ∈C4�2

( )
(39)

Controller, which is attained with this scheme, is typically of high order controller that cause to
challenges in a real-world implementation. So for this purpose, it is recommended to decrease
the order of the control plant until it is feasible to simplify the closed loop scheme theory and
operation. The results of the singular parameter of planned after repeating five iterations of
D-K procedure are demonstrated in Table 2.

It can be seen that the maximum value of μ is 11.648 that is achieved in the first iteration.
Similar to this method, next steps are done to finally value of γ is less than 1. The designed μ
controller synthesis is of order 17, and it is achieved after five iterations. In the final iteration,
the value of γ is reached to 0.732 and, μ reaches to 0.730 that is less than 1. In other word, the
closed-loop scheme has robust performance due to the structured singular parameter is less

Figure 10. Closed loop system model for design μ robust controller.
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than 1 in any frequency. Also, the gamma parameter denotes the value that the function
Fl P;Kð Þ infinity norm is fewer than that value.

5. Simulation results of the designed robust controller

The considered wind model in this paper is as follows.

Figure 11 depicts the speed of the wind in the third operating area that is a value between 15
and 25 m/s. In this study, the model of the wind has randomly varies from 15 to 24 m/s In our
research, the speed of the wind is considered be highly changeable during the times [8, 9]. As
in early times the speed of wind turbine is growing, then its parameter is constant in time and
its value fell in the end of the period of the time. The reason for selecting this kind of plant of
the random wind is, presentation the robust controller has a good performance in various

Iteration number γ value achieved Maximum μ value Controller order

1 1201.403 11.648 5

2 5.35 3.837 11

3 1.763 0.748 16

4 0.734 0.733 17

5 0.732 0.730 17

Table 2. Obtained results of the robust controller (μ).

Figure 11. Wind model in different speeds.
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speeds. This express that a sudden variation in the wind speed, the robust controller attempts
to control the pitch angle for setting the electrical power at it’s at most efficiency in the third
performance area.

Due to the linear dependency among the speed of the rotor and the speed of generator over the
gear ratio, the results of applying the control scheme which seeks to maintain the electrical
power fixed and regulate speed of the generator- can be examined after modeling of speed of
the wind turbine and modeling the robust μ controller.

Considering Figure 12(a), the deflection of output about the nominal value which is changed
by noise and disturbance in wind is not high that is acceptable. Maximum variation around the
reference value is 2.1% and it is equal to 0.027 kW that expresses nice disturbance cancelation
in areas in the matching scheme. In Figure 12(b), at most variations around nominal values are
equivalent to 3.068 rad/s and it is equal to 9.2%. It is sates a disturbance cancelation and nice
following of generator reference parameter in the existence of disturbance with wind speed in
the good way and with the least variations.

In Figure 13, it can be found that the control effort or the adjustment of pitch angle is between
of 14 and 22.5�. Due to changed areas of wind turbine efficiency, aim in this work is, regulating
the power and speed of the generator at the nominal parameter in the third performance part.
So, in this scenario by growing the value of wind to cut-out, the pitch angle has been
improved, and this scenario leads to the decrease of power coefficient and the power is at its
nominal value [4]. Furthermore, by reducing the speed of the wind, the blade pitch angle is
decreased and at this step, to regulate the power and generator speed at nominal value, robust
controller is designed. This controller attempts to control the pitch angle for accessing the high
electric power and adjust the speed of generator about its nominal value. So, by applying this
kind of controller, the control effort remains fewer than 25�, that is the utmost pitch angle of
the wind turbine, stays bounded in the third area.

Figure 12. (a) The response of electric power produced by wind turbines to track input reference electrical power using μ
controller. (b) The response of speed of the wind turbine generator to track input reference speed of generator using μ
controller.
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5. Conclusion

This work wanted to control the pitch angle of the wind turbine to regulate the speed of the
wind turbine generator in the third area of procedure. In the third area, the generator speed,
and electrical power are fix in their nominal parameter, and do constant. The existence of noise
and disturbance in the model of wind are the main reason for high error rate in the generation
of electrical power and generators’ speed. Therefore, this paper suggested that the generation
of electrical power and adjustment of the generator speed are practical if robust controller is
employed and current errors (uncertainties) in the wind turbine system are taken into account.
In most previous works have done, spring constant, damping coefficient and insignificant
deviations of the linearization process are listed as uncertainties. These uncertainties are
deemed to be true in appropriate weather conditions. Although, cold climate leads the turbine
blades to freeze that is followed by mass growth. This mass development results in the
decrease of electrical power generation, incorrect model operation and wrong data sending.
So, new uncertainties were employed to the system in order to work out the mentioned
challenges. After employing these uncertainties, μ controller is presented. Minimal variation
about the reference parameter and fewer control action for variation the blades’ angle (to
obtain optimal power and adjust the speed of the generator) needs the use of μ controller.
To be more accurate, the μ controller is more justifiable system in terms of disturbance
cancelation.

A. Appendix
The wind turbine that is considered in this paper has the following specifications:

Characteristic of Vestas V29 Wind turbine

Figure 13. Pitch angle adjustment using the μ controller.
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1. Introduction

Variable wind turbines are known to be able to efficiently capture energy from a wide range of
wind speed. Most of the variable speed wind turbines employ doubly-fed induction-generator
(DFIG) due to their various advantages such as the decoupled control of the active and reactive
powers, lower converter size and cost, and the feasibility of both stand-alone and grid connected
operation [1, 2]. It consists of a wind turbine, gearbox, DFIG, Rotor Side Converter (RSC), Grid
Side Converter (GSC) and electrical grid. In grid integration systems of DFIGs, several research
studies assumed a balanced grid voltage with conventional control strategies [3]. However, in
recent years, the control and operation of DFIG under disturbances and grid unbalanced have
been widely studied [4]. The transient and steady-state responses of these generators during
unbalanced grid voltage conditions have been presented in [5]. It has been specified from [6] that
if the unbalanced grid voltage is not included in the synthesis of DFIG’s controllers, high oscilla-
tions will occur in the generator torque and the injected powers might be very harmful to wind
turbine components and grid connection stability. Moreover, unbalanced stator and rotor currents
and DC-link voltage oscillations may lead to the increase in generator losses, temperature increase
and reduction of the lifetime of DC-link capacitor [7]. Under unbalanced grid voltage, direct power
control (DPC) has been adopted to control the grid-connectedwind turbine-driven DFIGs in [5] by
using proportional-resonant (PR) controller [7] and sliding mode control (SMC) approach [8, 9].
Moreover, in [10, 11], conventional vector control (VC). Moreover, conventional vector control
(VC) with an auxiliary PI current controller has also been adopted to help regulating the negative
sequence current components. Otherwise, if no negative grid voltage sequence is considered in the
control loop, the occurrence of unbalanced faults can deteriorate the performance of DFIGs.
Nevertheless, the control loops considered in [7, 8] keep both active and reactive power constant
with reduced power ripples and at the same time significant odd order current harmonics are
generated, which is not allowed by the IEEE 519-1992 [12, 13]. Therefore, an additional cost is
required by active filtering [3] may not be a practicable solution for grid-connectedWECS. In [14],
it has been shown that during balanced or symmetrical three-phase fault, an additional STATCOM
system is reported as a promising device for applications of WECS based grid-connected.

In this chapter, a review of the recently published LVRT schemes is discussed. Then, a VC
approach-based dual-sequence decomposition approach associated to the Lyapunov based
robust control (RC) is proposed; in order to reduce the torque ripples, minimize the active
and reactive powers pulsations by obtaining sinusoidal and symmetrical injected grid cur-
rents, when the voltage at the stator is unbalanced. The details of DFIG modeling, positive and
negative components separation methods and RC technique are theoretically explained in this
chapter. Moreover, comprehensive simulation tests and results of the WECS are carried out
and included in this chapter.

2. Wind energy generator system

In recent years, several configurations are used for the dynamic model of DFIG systems, which
can be shown in various reference frames such as stationary reference frame [9] or rotating

Stability Control and Reliable Performance of Wind Turbines82

reference frame [6, 11]. In this chapter, DFIG is modeled in a rotating reference frame under
balanced and unbalanced operation conditions.

2.1. Balanced DFIG model

Using the assumption of linear magnetic circuits, the stator and rotor voltages expressions of
the DFIG under balanced operating condition are written as follows [2, 15]:

Vs ¼
vds
vqs

� �
¼

Rs ids þ
dϕds

dt
� ωsϕqs

Rs iqs þ
dϕqs

dt
þ ωsϕds

0
BB@

1
CCA, Vr ¼

vdr
vqr

� �
¼

Rr idr þ
dϕdr

dt
� ωs � ωð Þϕqr

Rr iqr þ
dϕqr

dt
þ ωs � ωð Þϕdr

0
BB@

1
CCA (1)

where ids, iqs, idr and iqr are, respectively, the direct and quadrature stator and rotor currents. Rs

and Rr are stator and rotor resistances. ωs, ω are stator and rotor electrical angular speed, with
ω ¼ p �Ωg, p is the pair pole number. The stator and rotor fluxes can be expressed as:

ϕs ¼
ϕds

ϕqs

 !
¼ Ls ids þMidr

Ls iqs þMiqr

� �
,ϕr ¼

ϕdr

ϕqr

 !
¼ Lr idr þMids

Lr iqr þMiqs

� �
(2)

where Ls, Lr andM are stator, rotor and mutual inductances. The active and reactive powers at
the stator are defined as:

Ps ¼ vds ids þ vqs iqs
Qs ¼ vqs ids � vds iqs

�
(3)

The principle of the conventional VC method consists of orientating the stator flux in such a
way that the stator flux vector points into the d-axis direction. This approach is realized by
setting the quadrature component of the stator flux to the null value:

ϕs ¼ ϕds ) ϕqs ¼ 0 (4)

Using the condition that the per phase stator resistance is neglected, and that the grid system is
in steady state that is having a single voltage Vs that leads to stator’s constant flux ϕs, the
voltages can be easily deduced to be as:

vds ¼ 0
vqs ¼ ωsϕs ¼ Vs

�
(5)

The following equations are obtained when replacing the rotor flux Eq. (2) in Eq. (1) and using
the above condition Eq. (5), the rotor voltages become:

vdr ¼ σLr
didr
dt

þ Rridr � σLrωriqr þM
Ls

dϕds

dt

vqr ¼ σLr
diqr
dt

þ Rriqr þ σLrωridr þ ωr
M
Ls

ϕs

8>><
>>:

(6)
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reference frame [6, 11]. In this chapter, DFIG is modeled in a rotating reference frame under
balanced and unbalanced operation conditions.

2.1. Balanced DFIG model

Using the assumption of linear magnetic circuits, the stator and rotor voltages expressions of
the DFIG under balanced operating condition are written as follows [2, 15]:
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where ids, iqs, idr and iqr are, respectively, the direct and quadrature stator and rotor currents. Rs

and Rr are stator and rotor resistances. ωs, ω are stator and rotor electrical angular speed, with
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where Vs is the stator voltage magnitude is assumed constant, and ωr ¼ ωs � ω ¼ gωs is the

slip frequency, and g is the slip range and σ ¼ 1� M2

Ls Lr
is the leakage coefficient. Consequently,

with regard to Eq. (4), the fluxes are simplified as indicated below:

ϕds ¼ Lsids þMidr
0 ¼ Lsiqs þMiqr

�
(7)

From Eq. (7), the stator currents can be deduced as:

ids ¼
ϕds �Midr

Ls

iqs ¼ �M
Ls

iqr

8>>><
>>>:

(8)

By using Eqs. (3), (5) and (8), the stator active and reactive powers can then be expressed only
versus these rotor currents as:

Ps ¼ �Vs
M
Ls

iqr

Qs ¼ �Vs
M
Ls

idr �
ϕds

M

� �

8>>><
>>>:

(9)

2.2. Unbalanced DFIG model

As stated in [10, 11], during unbalanced grid voltage, the DFIG system can be separated into
positive, negative and zero sequences. In this chapter, two methods are proposed for separate
positive and negative sequences: delay inverse component canceling (DICC) method. And
Notch filter method.

In the first method, the components in the three-phase a, b, c system are transformed into two-
phase α, β stationary reference frame. Then, the positive and negative components can be
determined by the following expression:

vþαs
vþβs
v�αs
v�βs

0
BBBB@

1
CCCCA

¼ 1
2

1 0 0 �1
0 1 1 0
1 0 0 1
0 1 �1 0

0
BBB@

1
CCCA

vαs tð Þ
vβs tð Þ

vαs t� T
4

� �

vβs t� T
4

� �

0
BBBBBBBB@

1
CCCCCCCCA

(10)

The obtained positive and negative sequences from Eq. (10) in stationary reference frame
are transformed into positive and negative sequences in rotating reference frame as
follows:
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vþds

vþqs

v�ds

v�qs

0
BBBBBB@

1
CCCCCCA

¼

cos θsð Þ sin θsð Þ 0 0

� sin θsð Þ cos θsð Þ 0 0

0 0 cos �θsð Þ sin �θsð Þ
0 0 � sin �θsð Þ cos �θsð Þ

0
BBBBB@

1
CCCCCA

vþαs

vþβs

v�αs

v�βs

0
BBBBB@

1
CCCCCA

(11)

The associated Simulink scheme of the separate positive and negative sequences based on
DICC method is depicted in Figure 1.

In the second method, the component of the negative sequence seems as a second-order
harmonic in the positive rotating reference frame d, qþ and the component of the positive
sequence seems as a second-order harmonic in the negative rotating reference frame d, q�.

Figure 1. Simulink block for DICC method.

Figure 2. Simulink block for the notch filter method.

Dual Robust Control of Grid-Connected DFIGs-Based Wind-Turbine-Systems under Unbalanced Grid Voltage…
http://dx.doi.org/10.5772/intechopen.75518

85



where Vs is the stator voltage magnitude is assumed constant, and ωr ¼ ωs � ω ¼ gωs is the

slip frequency, and g is the slip range and σ ¼ 1� M2

Ls Lr
is the leakage coefficient. Consequently,

with regard to Eq. (4), the fluxes are simplified as indicated below:

ϕds ¼ Lsids þMidr
0 ¼ Lsiqs þMiqr

�
(7)

From Eq. (7), the stator currents can be deduced as:

ids ¼
ϕds �Midr

Ls

iqs ¼ �M
Ls

iqr

8>>><
>>>:

(8)

By using Eqs. (3), (5) and (8), the stator active and reactive powers can then be expressed only
versus these rotor currents as:

Ps ¼ �Vs
M
Ls

iqr

Qs ¼ �Vs
M
Ls

idr �
ϕds

M

� �

8>>><
>>>:

(9)

2.2. Unbalanced DFIG model

As stated in [10, 11], during unbalanced grid voltage, the DFIG system can be separated into
positive, negative and zero sequences. In this chapter, two methods are proposed for separate
positive and negative sequences: delay inverse component canceling (DICC) method. And
Notch filter method.

In the first method, the components in the three-phase a, b, c system are transformed into two-
phase α, β stationary reference frame. Then, the positive and negative components can be
determined by the following expression:

vþαs
vþβs
v�αs
v�βs

0
BBBB@

1
CCCCA

¼ 1
2

1 0 0 �1
0 1 1 0
1 0 0 1
0 1 �1 0

0
BBB@

1
CCCA

vαs tð Þ
vβs tð Þ

vαs t� T
4

� �

vβs t� T
4

� �

0
BBBBBBBB@

1
CCCCCCCCA

(10)

The obtained positive and negative sequences from Eq. (10) in stationary reference frame
are transformed into positive and negative sequences in rotating reference frame as
follows:

Stability Control and Reliable Performance of Wind Turbines84

vþds

vþqs

v�ds

v�qs

0
BBBBBB@

1
CCCCCCA

¼

cos θsð Þ sin θsð Þ 0 0

� sin θsð Þ cos θsð Þ 0 0

0 0 cos �θsð Þ sin �θsð Þ
0 0 � sin �θsð Þ cos �θsð Þ

0
BBBBB@

1
CCCCCA

vþαs

vþβs

v�αs

v�βs

0
BBBBB@

1
CCCCCA

(11)

The associated Simulink scheme of the separate positive and negative sequences based on
DICC method is depicted in Figure 1.

In the second method, the component of the negative sequence seems as a second-order
harmonic in the positive rotating reference frame d, qþ and the component of the positive
sequence seems as a second-order harmonic in the negative rotating reference frame d, q�.

Figure 1. Simulink block for DICC method.

Figure 2. Simulink block for the notch filter method.

Dual Robust Control of Grid-Connected DFIGs-Based Wind-Turbine-Systems under Unbalanced Grid Voltage…
http://dx.doi.org/10.5772/intechopen.75518

85



Then, the DC values are bypassed and the high-frequency oscillations are suppressed by the
notch filter tuned at ω0 ¼ 2ωs and ξ ¼ 0:707. The associated Simulink scheme of this method is
shown in Figure 2.

In Figure 3, the unsymmetrical voltage dip was applied between 1.5 and 1.6 s. Then, with two
separation methods, the positive and negative sequences of the stator voltages in the rotating
reference frame d, q are shown in Figure 4.

It can be noticed from these figures that the method based on DICC is faster than the method
based on the notch filter. Therefore, the DICC method is chosen in this chapter due to its fast
and precise characteristics. Assuming that the zero-sequence in the grid is neglected, the
unbalanced stator voltages can be written as follows:

Vþ
s ¼ vþds

vþqs

 !
¼

Rs iþds þ
dϕþ

ds

dt
� ωsϕþ

qs

Rs iþqs þ
dϕþ
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dt
þ ωsϕþ

ds

0
BB@

1
CCA, V�

s ¼ v�ds
v�qs

 !
¼

Rs i�ds þ
dϕ�

ds

dt
þ ωsϕ�

qs

Rs i�qs þ
dϕ�

qs

dt
� ωsϕ�

ds

0
BB@

1
CCA (12)

The voltages at the rotor side are:

Figure 3. Grid stator voltage.

Figure 4. Unbalanced voltages in positive and negative dq rotating reference frame: (a) with DICC method and (b) with
notch filter method.
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The stator and rotor fluxes are:
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ds

ϕþ
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Under unbalanced grid, the active and reactive powers expression in Eq. (3) is decomposed
into different pulsating components, which can be rewritten as:
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(15)

In order to obtain a constant stator power, the oscillating terms of the active and reactive
powers Ps sin 2, Qs cos 2 in (15) are neglected, therefore, only the average terms are controlled. By
inverting (15), the stator currents can by calculated as follows:
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Figure 5 shows that the positive stator flux is aligned along with the dþ-axis and rotates at the
speed of ωs, whereas the d�-axis rotates at an angular speed of�ωs, with the phase angle to the
α-axis being �θs. Therefore, by using Eq. (12) with stator flux orientation under unbalanced
grid, the stator currents are simplified as follows:
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The voltages at the rotor side are:

Figure 3. Grid stator voltage.

Figure 4. Unbalanced voltages in positive and negative dq rotating reference frame: (a) with DICC method and (b) with
notch filter method.
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Under unbalanced grid, the active and reactive powers expression in Eq. (3) is decomposed
into different pulsating components, which can be rewritten as:
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In order to obtain a constant stator power, the oscillating terms of the active and reactive
powers Ps sin 2, Qs cos 2 in (15) are neglected, therefore, only the average terms are controlled. By
inverting (15), the stator currents can by calculated as follows:
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Figure 5 shows that the positive stator flux is aligned along with the dþ-axis and rotates at the
speed of ωs, whereas the d�-axis rotates at an angular speed of�ωs, with the phase angle to the
α-axis being �θs. Therefore, by using Eq. (12) with stator flux orientation under unbalanced
grid, the stator currents are simplified as follows:

Dual Robust Control of Grid-Connected DFIGs-Based Wind-Turbine-Systems under Unbalanced Grid Voltage…
http://dx.doi.org/10.5772/intechopen.75518

87



iþds
iþqs
i�ds
i�qs

0
BBBB@

1
CCCCA

¼ 1
Ls

ϕþ
ds

0
ϕ�
ds

0

0
BBB@

1
CCCA�M

Ls

iþdr
iþqr
i�dr
i�qr

0
BBBB@

1
CCCCA

(17)

Combining Eq. (17) with Eq. (16), the rotor currents are written as follows:
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3. Controllers design

The details of the conventional Lyapunov-based robust control have been presented in [16–18],
so, this control strategy with unbalanced DFIG model is considered in this chapter.

3.1. Tracking error

In this chapter, J. J. Slotine [16] proposed the used tracking error:

S xð Þ ¼ ∂
∂t

þ λx

� �n�1

e xð Þ (19)

where e xð Þ is the error vector (e(x) = x* �x), λx is a positive coefficient, n is the system order. To
bring the state variable to the tracking errors, the following two conditions have to be satisfied:

Figure 5. Stator flux orientation under unbalanced grid.

Stability Control and Reliable Performance of Wind Turbines88

S xð Þ ¼ 0,
d
dt
S xð Þ ¼ 0 (20)

For n = 1 in Eq. (19), the errors of direct and quadrate rotor currents are chosen as:
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8>>>>>>>>><
>>>>>>>>>:

(21)

3.2. Control law

In this chapter, the Lyapunov-based robust control is used to generate voltage references as an
input to PWM.The control law satisfies the previous conditions is presented in the following form:

Vr ¼¼ Vr, eq þ Vr,n (22)

where Vr is the control vector, Vr, eq is the equivalent control vector, Vr,n is the switching part of
the control law.

The derivative of the tracking error (20) is rewritten as follows:

d
dt
S xð Þ ¼ FþD Vr (23)

From Eq. (20), when the trajectories of rotor currents converge toward their references, the
derivative of the tracking error is:

d
dt
S xð Þ ¼ FþD Vr ¼ 0 (24)

The following equation is obtained by replacing the rotor flux Eq. (14) in Eqs. (12) and (13) and
combining with Eq. (24):
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3.2. Control law

In this chapter, the Lyapunov-based robust control is used to generate voltage references as an
input to PWM.The control law satisfies the previous conditions is presented in the following form:

Vr ¼¼ Vr, eq þ Vr,n (22)

where Vr is the control vector, Vr, eq is the equivalent control vector, Vr,n is the switching part of
the control law.

The derivative of the tracking error (20) is rewritten as follows:
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dt
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From Eq. (20), when the trajectories of rotor currents converge toward their references, the
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where

D ¼ 1
σ Lr

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

2
6664

3
7775 (26)

The following control law is obtained:

Vr ¼ �D�1

F1 þ K1sat S1ð Þ
F2 þ K2sat S2ð Þ
F3 þ K3sat S3ð Þ
F4 þ K4sat S4ð Þ

2
666664

3
777775

(27)

and

sat Sið Þ ¼
1, Si > λi

Si=λi Sij j ≤λi

�1, Si < �λi

8><
>:

(28)

where λi is the width boundary layer and i indicates 1, 2, 3 or 4 and K1, K2, K3 and K4 are
positive control gains of the switching control part.

3.3. Lyapunov stability proof

The stability and robustness of the system are thoroughly investigated and subsequent results
are presented in [16–18]. In this chapter, the stability theory of Lyapunov is used to check the
convergence of the tracking errors toward the zero by satisfying the following condition:

_V ¼ ST xð Þ _S xð Þ ≤ 0 (29)

Then, the Lyapunov function is obtained as:

_V ¼ ST xð Þ FþD Vrð Þ ≤ 0 (30)

By using Eq. (27), Lyapunov function Eq. (30) is rewritten as:

_V ¼ ST xð Þ FþD �D�1

F1 þ K1sat S1ð Þ
F2 þ K2sat S2ð Þ
F3 þ K3sat S3ð Þ
F4 þ K4sat S4ð Þ

2
666664

3
777775

0
BBBBB@

1
CCCCCA

0
BBBBB@

1
CCCCCA

≤ 0 (31)

Or
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_V ¼ �ST xð Þ

K1sat S1ð Þ
K2sat S2ð Þ
K3sat S3ð Þ
K4sat S4ð Þ

2
666664

3
777775
≤ 0 (32)

From Eq. (32), the Lyapunov function is definitely negative so that the control law becomes
stable.

3.4. Lyapunov robustness proof

In practice, the tracking error S will be influenced by the parameter variations and measure-
ment uncertainties. Thus, Eq. (23) is rewritten as:

d
dt
S xð Þ ¼ FþD Vr þH (33)

where H = [H1 H2 H3 H4]T represents system disturbances. Thus, Eq. (35) can be rewritten as:

Figure 6. Block diagram of the proposed Lyapunov-based robust control scheme.
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In practice, the tracking error S will be influenced by the parameter variations and measure-
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Figure 6. Block diagram of the proposed Lyapunov-based robust control scheme.
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It is worth mentioning that if the positive control gains satisfy the following condition, specif-
ically, K1 > |H1|, K2 > |H2|, K3 > |H3| and K4 > |H4| the time derivative of Lyapunov
function _V is still definitely negative. Consequently, the control law features are robust.
Figure 6 shows the block diagram of the VC scheme for DFIG using Lyapunov-based robust
control (RC). In this block diagram, the Phase-Locked-Loop (PLL) estimates the frequency, the
grid voltage magnitude and the stator angle. The block of separate positive and negative
sequences of the current and the voltage shown in Figure 1 is used in this schema for the dual
current controller and the calculation of the current references.

4. Simulation results

The generator is tested under single line to ground fault condition on phase ‘a’; at 1.5 s an
unbalanced voltage drop of 20% is created for a time of 0.1 s as shown in Figure 3. In this
section, all the physical quantities are in per unit values, and the quantities of the rotor are
referred to the stator side. Figure 7 shows the Simulink block diagram of the DFIG wind
turbine model. The switching frequency of converter is set to 1 kHz; the nominal DC converter
is set to 2000 V. Wind speed varies from 10 to 11 m/s. To examine the validity of the proposed

Figure 7. Simulink block diagram of the DFIG wind turbine model.
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dual Lyapunov based robust control scheme (RCS), these results are compared with the
conventional single Lyapunov-based RCS published in [15].

Figures 8(a) and (b), 9(a) and (b), 10(a) and (b) and 11(a) and (b), show that, during grid
voltage unbalance, if conventional control is applied, the active and reactive powers contain
important oscillations due to the nature of the second harmonic at twice the grid frequency
(100 Hz) with magnitude of 0.78 pu. The conventional control does not provide adequate
control of the negative sequence current during the occurrence or removal of voltage unbal-
ance. Whereas, by using the proposed control method, these oscillations are dramatically
reduced because of the negative sequence current compensation, during grid fault, by the dual
current control loops which can indirectly control these powers.

Figure 8. Stator active power (pu): (a) conventional single RCS, (b) proposed dual RCS.

Figure 9. Harmonic spectra of the stator active power (pu): (a) conventional single RCS, (b) proposed dual RCS.

Figure 10. Stator reactive power (pu): (a) conventional single RCS, (b) proposed dual RCS.
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dual Lyapunov based robust control scheme (RCS), these results are compared with the
conventional single Lyapunov-based RCS published in [15].

Figures 8(a) and (b), 9(a) and (b), 10(a) and (b) and 11(a) and (b), show that, during grid
voltage unbalance, if conventional control is applied, the active and reactive powers contain
important oscillations due to the nature of the second harmonic at twice the grid frequency
(100 Hz) with magnitude of 0.78 pu. The conventional control does not provide adequate
control of the negative sequence current during the occurrence or removal of voltage unbal-
ance. Whereas, by using the proposed control method, these oscillations are dramatically
reduced because of the negative sequence current compensation, during grid fault, by the dual
current control loops which can indirectly control these powers.

Figure 8. Stator active power (pu): (a) conventional single RCS, (b) proposed dual RCS.

Figure 9. Harmonic spectra of the stator active power (pu): (a) conventional single RCS, (b) proposed dual RCS.

Figure 10. Stator reactive power (pu): (a) conventional single RCS, (b) proposed dual RCS.
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Figures 12(a) and (b) and 13(a) and (b) show that the ripples of the electromagnetic torque are
also mitigated with the proposed control. On the contrary, when we use the conventional
control method, the electromagnetic torque has oscillations with magnitude of 0.74 pu and
frequency of 100 Hz, which might be harmful to the mechanical parts.

Figures 14(a) and (b) and 15(a) and (b) show that the stator currents have important harmonics
with conventional control, which are injected into grid, but these currents are quite sinusoidal
and symmetrical with the proposed control.

Figures 16(a) and (b) and 17(a) and (b) show that the currents at the rotor side are also unbal-
anced with conventional control, but these oscillations are attenuated by using the proposed

Figure 11. Harmonic spectra of the stator reactive power (pu): (a) conventional single RCS, (b) proposed dual RCS.

Figure 12. Electromagnetic torque (pu): (a) conventional single RCS, (b) proposed dual RCS.

Figure 13. Harmonic spectra of the electromagnetic torque (pu): (a) conventional single RCS, (b) proposed dual RCS.
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control method. This is due to the fact that the conventional control cannot control the negative
component introduced by the unbalanced voltage in the stator flux and current vectors to zero. In
that situation, interaction of these components in the generator develops motoring and generating
behavior resulting in excessive oscillations. The stator flux amplitude is constant at the steady-
state and rotates synchronously with the grid voltage. Instantly after the occurrence of the
unbalanced voltage dip (see Figure 3), two voltages cause a positive and negative flux in the
stator. Unlike the case of balanced voltage dip, where two components will be induced in the
stator flux: the forced component is rotating with the grid frequency; afterward, the natural flux is
static with the stator.

Figure 15. Harmonic spectra of the stator currents (pu): (a) conventional single RCS, (b) proposed dual RCS.

Figure 14. Stator currents (pu): (a) conventional single RCS, (b) proposed dual RCS.

Figure 16. Rotor currents (pu): (a) conventional single RCS, (b) proposed RCS.
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Figures 12(a) and (b) and 13(a) and (b) show that the ripples of the electromagnetic torque are
also mitigated with the proposed control. On the contrary, when we use the conventional
control method, the electromagnetic torque has oscillations with magnitude of 0.74 pu and
frequency of 100 Hz, which might be harmful to the mechanical parts.

Figures 14(a) and (b) and 15(a) and (b) show that the stator currents have important harmonics
with conventional control, which are injected into grid, but these currents are quite sinusoidal
and symmetrical with the proposed control.

Figures 16(a) and (b) and 17(a) and (b) show that the currents at the rotor side are also unbal-
anced with conventional control, but these oscillations are attenuated by using the proposed

Figure 11. Harmonic spectra of the stator reactive power (pu): (a) conventional single RCS, (b) proposed dual RCS.

Figure 12. Electromagnetic torque (pu): (a) conventional single RCS, (b) proposed dual RCS.

Figure 13. Harmonic spectra of the electromagnetic torque (pu): (a) conventional single RCS, (b) proposed dual RCS.
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Figure 18(a) and (b) shows the trajectory of the stator flux. Before the voltage unbalance, the
stator flux traces a circle with radius equal to 1 pu. The flux of the stator with the proposed
dual RCS is very well centered compared with that obtained with the conventional single RCS.
When the voltage unbalance starts, the ellipse trajectory drawn by the flux is due to the
presence of positive and negative flux in the stator rotating in opposite directions, which is a
common characteristic in unbalanced voltage sags. Whereas, the natural flux brings the ellipse
to be off-center. After the clearance of the voltage unbalance, the natural component of the
stator flux is attenuated and the trajectory of the stator flux turns into the center again.
However, it is noticed from these figures that compared with the proposed dual RCS, the
stator flux trajectory of the conventional single RCS is not well centered with an important
transient with a slow decay.

For clear illustrations, Figures 19 and 20 are included to show the comparative results of
ripples pulsating at twice the grid frequency (100 Hz) in the stator active/reactive powers and
electromagnetic torque among these different control strategies during network unbalance. As
presented, the proposed dual RCS aims at mitigating the torque pulsations and the power

Figure 18. Stator flux (pu): (a) conventional single RCS, (b) proposed dual RCS.

Figure 17. Harmonic spectra of the rotor currents (pu): (a) conventional single RCS, (b) proposed dual RCS.
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ripples compared with the conventional method. In addition, the proposed dual RCS is able to
reduce the harmonics of the rotor and stator currents. It can be concluded from these strategies
that the proposed control method can effectively reduce the torque oscillations which inciden-
tally may lead to a decrease of the fatigues on the turbine shaft.

5. Conclusions

In this chapter, an improved control strategy for doubly fed induction generator (DFIG)-based
wind turbine under unbalanced grid voltage is presented. The dynamic behavior of DFIG by
the proposed control algorithm proved to be suitable by a set of simulation tests using the
MATLAB®/Simulink® environment. The results obtained imply that with the conventional
single robust control scheme (RCS), the magnitude of the second harmonic oscillations can
become high, intolerable and may lead to electrical and mechanical failure in function. After

Figure 20. Comparison of harmonics in stator and rotor currents between the two control strategies.

Figure 19. Comparison of ripples in electromagnetic torque, stator active and reactive power between the two control
strategies.
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removing the voltage unbalance, in the conventional control method, small oscillations appear
in the powers and currents waveforms. On the contrary, when the proposed dual RCS is used,
these power oscillations are effectively damped to a reasonable level. Furthermore, the pro-
posed control strategy shows good performances and robustness by eliminating the pulsations
in the torque which maybe preferred by wind farm operators since it will mitigate the fatigue
of the turbine shaft as well as the gearbox. Moreover, symmetrical and sinusoidal stator and
rotor currents are also obtained, in turn minimizing the copper losses in the rotor circuit, when
the grid voltage is unbalanced. All computer simulations have been designed with a fixed-step
size of 0.5 ms in order to consider digital implementation in future works.

A. Appendix

In this part, simulations are investigated with a 1.5 MW generator connected to a 690 V/50 Hz
grid [15].

The generator’s parameters are presented below:

Three pole pairs, = 0.012 Ω, = 0.021 Ω, = 0.0135 H, = +2.00372 e�4 H, = +1.7507 e�4 H,

Turbine’s parameters: three blades, diameter = 70.5 m, gearbox ratio = 90: inertia (turbine +
DFIG) = 1000 kg m2 and viscous coefficient (turbine + DFIG) = 0.0024 kg m/s.
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Abstract

This chapter shows research of stability of supporting structure of onshore wind turbine 
foundations based on field measurements, finite element (FE) analysis and laboratory 
experiment. In order to investigate the relation of action-response of tower-founda-
tion system, long-term field measurements were carried out for two existing onshore 
wind turbines with/without piles for its foundations. Then, the models were built up 
for three-dimensional nonlinear FE analyses. The damage processes of reaching failure 
were examined by FE models, and limit state of foundations was individually defined by 
fatigue limit state of concrete. Consequently, the stress-number of cycle (S-N) diagram 
derived from both experiment and analysis was discussed for the assessment of existing 
structure.

Keywords: concrete, foundation, fatigue, anchor bolt, crack

1. Introduction

Wind power is growing a major industry. At the year of 2006, the total amount of installed 
wind power capacity reached 74.1 GW in the world [1], while it has reached 486.8 GW in 
the world at the year of 2016 [2] due to a rapid installation of wind turbine in this decade. In 
particular, increasing wind energy production has been even more actively touted against 
the background of the Great East Japan earthquake and the resultant nuclear power plant 
accident. However, in the past, wind turbines have had troubling experiences of structural 
collapse as well as failure of blade [3].
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In particular, the structures supporting wind turbines, especially the foundation made of con-
crete, have been paid attentions in recent years. There are the reports that investigate cracks 
on foundation concrete [4–7]. It is not easy to identify the cause of cracks, while repeated 
action transferred from the tower is thought to be one of the causes. Therefore, fatigue of 
supporting structure made of concrete has become a main concern of researchers [7–10]. Even 
though the cracks are not always the trigger of structural collapse of wind turbine, further 
investigations are required for safe and steady operation of power plant.

Here, it is important, for practical design, to precisely analyze the responses of structures 
and to capture the action of wind. The response of existing wind turbine tower was ana-
lyzed using wireless system of accelerometers [11]. The development of a health monitoring 
system for the wind turbine tower-foundation system has been reported [12]. In addition, 
three-dimensional nonlinear finite element (FE) analyses for wind turbine tower-foundation 
systems have been conducted using idealized static forces as input [13].

This chapter shows research of stability of supporting structure of onshore wind turbine foun-
dations based on field measurements, laboratory experiment and FE analysis. In order to inves-
tigate the relation of action-response of tower-foundation system, long-term field measurements 
were carried out for an existing onshore wind turbine without piles for its foundations. Then, the 
model was built up for three-dimensional nonlinear FE analyses. The damage process of reach-
ing failure was examined by FE models. In addition, limit state of foundation was defined by 
fatigue limit state of concrete. Consequently, the stress-number of cycle (S-N) diagram derived 
from laboratory experiment and analysis was discussed for the assessment of existing structure.

2. Field measurement

2.1. Overview of target and measurement setup

The responses of structure were investigated using field data, which were measured at a wind 
turbine equipped in 2003 on the campus of Nihon University and along the Abukuma River 
in the Fukushima prefecture, Japan. The wind turbine specifications and the positions of the 
measuring equipment are shown in Figure 1. The rated power is 40 kW and rated wind speed 
is 11 m/s. The cut-in wind speed and cut-out wind speed are 2 and 25 m/s, respectively. This 
had been continuously operated even during the Great East Japan Earthquake in 2011, which 
resulted in no visible damage.

The accelerometers were attached at the top and middle of the tower horizontally. There are 
60,000 data points for 5 min at a sampling frequency of 200 Hz. The data were recorded every 
hour when exceeding the acceleration threshold of  ± 0.7  m /  s   2  . To investigate the transmis-
sion of vibration from the tower to the foundation, strain gauges were attached at the anchor 
bolts in the east, west, north, and south direction. The sampling conditions were the same as 
those in the accelerometer. Wind speed and direction were measured using an anemometer 
attached to the nacelle with a sampling frequency of 1.0 Hz. The measurements have been 
begun since May 2013.

Stability Control and Reliable Performance of Wind Turbines104

2.2. Responses of the tower

Figure 2 shows the maximum wind speed versus the maximum response of acceleration. 
Despite the scatter of the data, shown as black dots for operating wind speeds of 2–20 m/s, 
the maximum acceleration increased linearly with wind speed. The red dots represent data 
recorded while the generator was not operating. The difference between the two datasets sug-
gests that the blade pitch control system dampened the acceleration response.

Figure 1. Overview and schematic of the apparatus used in measurements (based on [13]).

Figure 2. Max acceleration versus max wind speed in October 2013 [13].
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hour when exceeding the acceleration threshold of  ± 0.7  m /  s   2  . To investigate the transmis-
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2.2. Responses of the tower

Figure 2 shows the maximum wind speed versus the maximum response of acceleration. 
Despite the scatter of the data, shown as black dots for operating wind speeds of 2–20 m/s, 
the maximum acceleration increased linearly with wind speed. The red dots represent data 
recorded while the generator was not operating. The difference between the two datasets sug-
gests that the blade pitch control system dampened the acceleration response.

Figure 1. Overview and schematic of the apparatus used in measurements (based on [13]).

Figure 2. Max acceleration versus max wind speed in October 2013 [13].
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Figure 4. Fourier spectrum of acceleration of tower and strain on anchor bolt (based on [13]).

The acceleration response of the tower in the time domain and trajectory of the tower dis-
placement, which are derived through double integration of acceleration in the time domain 
are shown in Figure 3. To remove noise, a digital band pass filter with pass band between 
about 0.1 and 30 Hz was designed. The maximum displacement was about 0.5 cm at the top 
of the tower in the EW direction. Elliptical trajectories with different main axis were observed 
for each height in different scales when the wind turbine was operating. In particular, the 
trajectories of the top and middle of the tower were almost similar. This means that the pre-
dominant vibration mode was the primary mode.

2.3. Action to the foundation transmitted from the tower

The strain of nut for anchor bolt clearly depended on the acceleration variations, even though 
the value of the response was less than 1 μ. This can be explained that the location of strain 
gauges attached to anchor bolts was not consistent with wind direction which measured max 
wind speed.

When taking a long-term measurement, time varying character of the wind can be captured 
in a spectrum. The Fourier spectrum exhibited the waveform shown in Figure 4. The natural 

Figure 3. Acceleration response of tower and trajectory of its displacement (based on [13]).
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frequency was 1.8 Hz in the primary mode and 13 Hz in the secondary mode based on the 
eigenvalue analysis and free vibration tests. The figure suggested the predominant vibration 
mode transmitted from the tower to the foundation was the primary mode.

3. Finite element analysis

3.1. Modeling

The nonlinear finite element (FE) analysis code COM3D developed by Maekawa et al. [14, 15] 
are used in this study. The decrease of stiffness and the accumulation of plasticity of concrete 
subjected cyclic load are carefully formulated for concrete in the code. In particular, employ-
ing the logarithmic integral scheme that enabled to calculate fatigue damage of concrete is 
one of the advantages of this code. The properties for steel are expressed with bi-linear form.

An overview of the FE model is shown in Figure 5. The model was modified from the model in 
the previous study [13] through further material investigation and verifications. Mechanical 
properties of these constituent materials are summarized in Table 1.

In order to simplify structural model, the shape of nacelle and blades was not directly mod-
eled. Alternatively, dead weight of them was applied to certain elements located at the top 
of with each material density. All the members except anchor bolts and the intermediate 
restraining reinforcements of the pedestal were modeled by solid element. Exceptions were 
expressed by line element; in particular, the torque on an anchor bolt was replaced by initial 
strain of the lines. The boundary condition between steel and concrete was modeled by joint 
element based on the Mohr–Coulomb theory with 0.6 as friction coefficient. Vertical displace-
ment was restricted at the nodes of the footing bottom surface; however, confinement of sur-
rounding soil was not considered on the side of the footing as same in literature [16].

Figure 5. Overview of FE model (based on [10]).

Evaluation and Stability Analysis of Onshore Wind Turbine Supporting Structures
http://dx.doi.org/10.5772/intechopen.75885

107



Figure 4. Fourier spectrum of acceleration of tower and strain on anchor bolt (based on [13]).

The acceleration response of the tower in the time domain and trajectory of the tower dis-
placement, which are derived through double integration of acceleration in the time domain 
are shown in Figure 3. To remove noise, a digital band pass filter with pass band between 
about 0.1 and 30 Hz was designed. The maximum displacement was about 0.5 cm at the top 
of the tower in the EW direction. Elliptical trajectories with different main axis were observed 
for each height in different scales when the wind turbine was operating. In particular, the 
trajectories of the top and middle of the tower were almost similar. This means that the pre-
dominant vibration mode was the primary mode.

2.3. Action to the foundation transmitted from the tower

The strain of nut for anchor bolt clearly depended on the acceleration variations, even though 
the value of the response was less than 1 μ. This can be explained that the location of strain 
gauges attached to anchor bolts was not consistent with wind direction which measured max 
wind speed.

When taking a long-term measurement, time varying character of the wind can be captured 
in a spectrum. The Fourier spectrum exhibited the waveform shown in Figure 4. The natural 

Figure 3. Acceleration response of tower and trajectory of its displacement (based on [13]).

Stability Control and Reliable Performance of Wind Turbines106

frequency was 1.8 Hz in the primary mode and 13 Hz in the secondary mode based on the 
eigenvalue analysis and free vibration tests. The figure suggested the predominant vibration 
mode transmitted from the tower to the foundation was the primary mode.

3. Finite element analysis

3.1. Modeling

The nonlinear finite element (FE) analysis code COM3D developed by Maekawa et al. [14, 15] 
are used in this study. The decrease of stiffness and the accumulation of plasticity of concrete 
subjected cyclic load are carefully formulated for concrete in the code. In particular, employ-
ing the logarithmic integral scheme that enabled to calculate fatigue damage of concrete is 
one of the advantages of this code. The properties for steel are expressed with bi-linear form.

An overview of the FE model is shown in Figure 5. The model was modified from the model in 
the previous study [13] through further material investigation and verifications. Mechanical 
properties of these constituent materials are summarized in Table 1.

In order to simplify structural model, the shape of nacelle and blades was not directly mod-
eled. Alternatively, dead weight of them was applied to certain elements located at the top 
of with each material density. All the members except anchor bolts and the intermediate 
restraining reinforcements of the pedestal were modeled by solid element. Exceptions were 
expressed by line element; in particular, the torque on an anchor bolt was replaced by initial 
strain of the lines. The boundary condition between steel and concrete was modeled by joint 
element based on the Mohr–Coulomb theory with 0.6 as friction coefficient. Vertical displace-
ment was restricted at the nodes of the footing bottom surface; however, confinement of sur-
rounding soil was not considered on the side of the footing as same in literature [16].

Figure 5. Overview of FE model (based on [10]).
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Figure 6. Comparison of FE model and observed data during power generating (left: acceleration at the top of tower; 
middle: strain of tower body; right: strain of anchor bolt) (based on [10]).

3.2. Verification of the model

The model was verified by the comparison of the analytical result and data obtained during 
free vibration test. The natural frequency of tower and damping factor calculated by FE analy-
sis were 1.84 Hz and 0.30%. Those obtained from the field test were 1.78 Hz and 0.27% [10].

In addition, the agreement of analytical results and data obtained in field measurement were 
examined. First, the displacement at the top of tower which was converted using double inte-
gration of acceleration in the time domain as mentioned in 2.1.2, was inputted to the model. 
Then, acceleration of tower, strain of tower body, and strain of anchor bolts calculated by 
FE analysis were compared with data obtained in the field for six different cases including 
data during typhoon and earthquakes. Samples of examinations in terms of maximum and 
minimum values are shown in Figure 6. The analysis results tended to show spikes due to 
the difficulty of convergence of calculation. However, acceptable agreement was seen in all 
six cases.

3.3. Prediction of failure mode

In order to determine the failure mode of this structure, monotonic horizontal displacement 
was applied to a node at the top of tower. The bending moment at the bottom of tower versus 
rotation angle derived from Eq. (1) [10] is shown in Figure 7.

  φ = arctan  (  
 δ  zt   −  δ  zc   _____ B  )   (1)

Young’s modulus 
(GPa)

Compressive strength 
(MPa)

Yield strength 
(MPa)

Tensile strength 
(MPa)

Poisson ratio

Concrete 23.5 21.0 — 8.13 0.2

Anchor bolt 205 — 235 400 0.3

Other steels 205 — 325 490 0.3

Reinforcing bar 205 — 345 517.5 0.3

Table 1. Mechanical properties of each material in FE analysis.
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where ϕ is rotation angle, δzt is vertical displacement of anchor plate in tension side, δzc is 
vertical displacement of anchor plate in compression side, and B is a diameter of anchor ring.

The moment increased rapidly at the beginning of loading, and it gradually became mild. 
Then, the moment remained static after when 50% of anchor bolts reached their yielding 
strength. At the time, the horizontal displacement at the top of tower was 50 cm where the 
moment and rotation angle reached 7874 kNm and 0.0033 rad. Figure 7 also shows the nor-
malized stiffness by using the right axis. The stiffness mentioned here means the value that 
was obtained when moment was divided by the rotation angle. The normalized stiffness 
means the stiffness normalized by the initial stiffness. According to Figure 7, the normalized 
stiffness significantly dropped in the first 0.0001 rad.

What did cause the significant drop to normalized stiffness? It was the cracking of concrete at 
the tip of anchor ring inside pedestal (see Figure 8). Consequently, the crack developed hori-
zontally and came to the center of the pedestal in the end of analysis (see Figure 9). Regarding 
this FE analysis, the failure mode was a coupling mode of yielding 50% of anchor bolts and 
development of horizontal crack to more than half of the pedestal’s width.

Figure 7. Bending moment at the bottom of tower and rotation angle.

Figure 8. Principal strain distribution at the drop of normalized stiffness.
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where ϕ is rotation angle, δzt is vertical displacement of anchor plate in tension side, δzc is 
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The ultimate bending moment calculated by the FE analysis was 7874 kNm, it is much higher 
than the design moment in the case of earthquake in this area; 2430 kNm. This means that 
the targeted wind turbine has sufficient allowance of safety. However, the cracking moment 
1195 kNm is close to the design moment owing to the wind in this area; 855 kNm. Therefore, 
evaluation of fatigue resistance of concrete foundation is needed.

3.4. Identification of index

Since the cracking inside pedestal was observed as the cause of the decrease of stiffness, evalu-
ation of fatigue resistance of this structure focused on this event. The specific index, space 
averaged second invariant strain [17] was employed to determine the possibility of cracking. 
This index is independent of direction of stress or strain that is unsettled at each moment 
under the vibration of tower, but is a scalar obtained by Eqs. (2) and (3) [17].
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where,   √ 
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  J  2  ′      is the second invariant of strain,    ̄   √ 
__

  J  2  ′       is the space-averaged second invariant of strain, 
ε and γ are normal and shear strains respectively, w(x) is a weighting function, x is a distance 
from the tip of anchor plate in tension side (mm), L is a radius of average volume (mm). For 
this analysis, L was determined as 200 mm based on [18].

The horizontal displacement of tower versus the space-averaged second invariant of strain is 
shown in Figure 10. The space-averaged second invariant of strain at the occurrence of the hori-
zontal crack determined by Figure 9 was identified as 0.000032. Thus, threshold value for first 
limit state of this structure was defined as 0.000032 by the space-averaged second invariant of 
strain.

Figure 9. Principal strain distribution of the cross section of joint parts (left: at 1195 kNm of moment; right: at 7874 kNm 
of moment) (based on [10]).
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3.5. Evaluation of fatigue resistance of concrete foundation

The fatigue resistance of concrete foundation was examined by FE analysis. Since the horizontal 
reaction force at the top of tower when the moment was 1195 kNm was about 84kN in FE analy-
sis, input horizontal load at the top of tower was offered as sine wave with different amplitudes. 
In addition, the number of cycles when the space-averaged second invariant of strain reach 
threshold value 0.00032 were calculated for each cases. The relationship between the normal-
ized amplitude by 84kN and the number of cycle at threshold value was shown in Figure 11.

It should be noted that the design moment owing to the wind in this is 855 kNm that is 71% 
of the calculated moment 1195 kNm. Thus, according to Figure 11, the cracking inside ped-
estal concrete possibly starts after 763,888 swings of tower due to strong wind. However, the 
design moment considers safety factor as 3.0.

Figure 10. Horizontal displacement of tower versus the space-averaged second invariant of strain.

Figure 11. Normalized amplitude of horizontal load—cycles at cracking inside concrete based on FE analysis.
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3.5. Evaluation of fatigue resistance of concrete foundation
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4. Laboratory experiment

4.1. Equipment, specimen and conditions

Since it is impossible to verify the failure mode and fatigue life of the target structure, labora-
tory experiment using the 1/12 scale model was prepared. In order to generate high cycle load 
with reliable stability, a bi-axial shaking table driven by magnetic force was employed for this 
study (see Figure 12). Tri-axial cyclic loading machine controlled hydraulic jack is not suitable 
for high cycle loading, even though the load generated by hydraulic jack can be higher than 
inertial force generated by a shaking table.

The overview of specimen is shown in Figure 13. This is basically designed as a 1/12 scale 
model of target structure shown in Figure 1. However, the reinforcement ratio in both pedes-
tal and footing is higher than the real structure because it is impossible to simply scale down 
the diameter of reinforcing bars. The weight of blades and nacelle was 52.5 kgf that reflects 
the weight of steels set on the top of tower. The tower was made of STK400 steel pipe, and this 
model was reused for all foundation specimens. The tower model and foundation specimens 
were tight by eight M8 anchor bolts. The footing was fixed by four bolts at each corner of foot-
ing to shaking table.

Accelerometers were set at the top of tower and on top surface of footing to capture horizontal 
motions in two axes. Laser displacement meters and LVDTs were set for the top of tower and 
shaking table, respectively to compare the values with obtained from accelerometers. Strains 
of surfaces of pedestal concrete and surfaces of steel tower were measured by strain gauges. 
Furthermore, mold-type strain gauges were embedded beside eight anchor bolts to capture 
the trend of cracking inside concrete.

The conditions of all specimens are shown in Table 2. The laboratory experiment consisted 
of two series. The first series named “N-” was the prototype. The second series named “G-“ 
installed gypsum between tower and foundation to smooth top surface of concrete specimens 
as well as monitoring strain gauges attached on the nut to control initial torque of anchor 

Figure 12. Bi-axial shaking table driven by magnetic power.
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bolts. All the specimens except G-D-E were examined by 5 Hz sine wave vibrating with dif-
ferent amplitudes. Furthermore, considering the change of main axis of tower vibration in 
time domain (see Figure 3), vibrating of X and Y axis in turn was tried for three cases, that is, 
N-D-500, N-D-400 and G-D-900. The other hand, G-D-E is the case using X and Y axis actua-
tor simultaneously for reproducing ground acceleration record that was obtained in this area 
during Great East Japan Earthquake 2011.

4.2. Results

Since it is impossible to observe cracking inside concrete during experiment, the criteria of 
fatigue failure of these specimens were defined as 20 mm of relative horizontal displacement 
at the top of tower. It is large enough because 20 mm of the model is almost equivalent to 
240 mm for the real structure. Another reason is that the specimens dangerously resonate 
when the relative displacement exceed 20 mm [19]. Because the natural frequency of speci-
mens which is usually 6.5–7.6 Hz before loading had gradually decreased with increase of 
number of load cycle due to fatigue damage of concrete.

In the case of N-S-500, sudden fracture of an anchor bolt occurred, then loading was stopped. 
It failed but the failure mode was different from others. The four surviving cases did not show 
any changes in measurable data for a long time, then loading was canceled.

The comparison of the development of relative displacement at the top of tower for G-S-900 
and G-D-900 was shown in Figure 14. It was clear that the G-S-900 under single axis vibra-
tion survived longer than G-D-900 under the vibrating of X and Y axis in turn. Interestingly, 
N-S-500 also survived longer than N-D-500 (see Figure 15), even though the failure mode of 
N-S-500 was different from N-D-500.

Figure 13. Photos and drawings of specimen.
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bolts. All the specimens except G-D-E were examined by 5 Hz sine wave vibrating with dif-
ferent amplitudes. Furthermore, considering the change of main axis of tower vibration in 
time domain (see Figure 3), vibrating of X and Y axis in turn was tried for three cases, that is, 
N-D-500, N-D-400 and G-D-900. The other hand, G-D-E is the case using X and Y axis actua-
tor simultaneously for reproducing ground acceleration record that was obtained in this area 
during Great East Japan Earthquake 2011.

4.2. Results

Since it is impossible to observe cracking inside concrete during experiment, the criteria of 
fatigue failure of these specimens were defined as 20 mm of relative horizontal displacement 
at the top of tower. It is large enough because 20 mm of the model is almost equivalent to 
240 mm for the real structure. Another reason is that the specimens dangerously resonate 
when the relative displacement exceed 20 mm [19]. Because the natural frequency of speci-
mens which is usually 6.5–7.6 Hz before loading had gradually decreased with increase of 
number of load cycle due to fatigue damage of concrete.

In the case of N-S-500, sudden fracture of an anchor bolt occurred, then loading was stopped. 
It failed but the failure mode was different from others. The four surviving cases did not show 
any changes in measurable data for a long time, then loading was canceled.

The comparison of the development of relative displacement at the top of tower for G-S-900 
and G-D-900 was shown in Figure 14. It was clear that the G-S-900 under single axis vibra-
tion survived longer than G-D-900 under the vibrating of X and Y axis in turn. Interestingly, 
N-S-500 also survived longer than N-D-500 (see Figure 15), even though the failure mode of 
N-S-500 was different from N-D-500.

Figure 13. Photos and drawings of specimen.
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Figure 14. The development of relative displacement at the top of tower (G-S and G-D).

The vertical strains inside concrete measured by embedded strain gauges were shown in 
Figure 16. The vibrating direction of G-S-900 is always along X axis. Thus, the amplitude 
of IS1 and IS5 located in the orthogonal direction was significantly smaller than others. The 
strains measured in G-D-900 vibrated in both directions demonstrated relatively larger ampli-
tude than G-S-900 in all locations. This suggested that the cracking in wider area possibly 
accelerated the fatigue damage and led shorter fatigue life.

In order to observe internal cracks, concrete parts were cut in two directions after the loading 
(see Figure 17). The expected cracks from the tip of anchor plate could not be seen clearly for 
G-S-900 and other specimens under single axis loading, except N-S-700 that failed rapidly in 

Case Acc. 
amplitude

(gal)

Direction Cycle Fail/survive Gypsum & 
torque control

Compressive stress of 
concrete (Mpa)

N-S-700 700 X 1000 Fail — 27.9

N-S-500 500 X 188,900 Fail* — 27.9

N-D-500 500 X or Y X 70,050

Y 64,950

Fail — 27.9

N-S-400 400 X 102,300 Survive — 27.9

N-D-400 400 X or Y X 51,300

Y 51,300

Survive — 27.9

G-S-900 700–900 X 51,000 Fail G, T 27.6

G-D-900 700–900 X or Y X 13,500

Y 13,220

Fail G, T 27.6

G-S-600 600 X 201,300 Survive G 27.6

G-S-900C 900 X 79,800 Fail G, T 27.6

G-D-EQ Seismic wave X and Y 5minx10 Survive G, T 27.6

Table 2. The conditions of all specimens.
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Figure 15. The development of relative displacement at the top of tower (N-S and N-D).

Figure 16. Vertical strain inside concrete for G-S-900 and G-D-900.
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Figure 17. Internal cracks observed after loading for G-S-900 and G-D-900.

1000 cycles. Alternatively, unexpected crack at the connection of pedestal and footing was 
found as pointed by arrows in Figure 17. In contrast, obvious cracks were found in both cross 
sections for G-D-900. On the other hand, the difference was not clear between N-D-500 and 
N-S-500. These cracks did not always consistent with the internal strains measured by embed-
ded gauge. In other words, it is not easy to capture the occurrence of cracks inside concrete. 
It should be noted that the strain measured at the bottom of steel tower always remained less 
than 500 μ, even the model of tower was reused repeatedly.

4.3. Evaluation of fatigue life

The equivalent numbers of cycle were calculated based on Miner’s rule [20] shown in Eq. (4) 
for G-S-900 and G-D-900 because amplitude of input acceleration was increased step by step 
for these cases.

   N  eq   =  ∑ 
i=1

  
n
      (  

 P  i   __ P  )    
m

  ∙  n  i    (4)
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where Neq is the equivalent number of cycle, Pi is the load, P is the standard load, ni is the num-
ber at Pi, m is the incline of material stress-number of cycle (S-N) curve for fatigue. The m was 
assumed as 17 based on the S-N curve for fatigue of concrete [20]. If we assume P = 900 gal, 
the Neq is 28,378 for G-S-900 and the Neq is 4098 for G-D-900.

Furthermore, the difference of experiment conditions between “N-“ series and “G-“ series 
should be considered for evaluation. The ultimate load that can make collapse of structure at 
one cycle should be different in two series. The ultimate acceleration that is proportional to 
ultimate inertial force at the top of tower was assumed as 800 gal and 1300 gal for “N-“and 
“G-,“ respectively.

The number of cycles at each normalized amplitudes in this experiment was summarized in 
Figure 18. The approximate curve for single directional vibration is also shown in the figure. 
According to this figure, the fatigue life of the specimens vibrated in two directions; N-D-500 
and G-D-900 tend to be shorter than lives under single directional vibration.

5. Conclusions

This chapter shows research of stability of supporting structure of onshore wind turbine foun-
dations based on field measurements, finite element (FE) analysis and laboratory experiment. 
The vibration characteristics of tower were clarified by field measurement. Then, the damage 
process of reaching failure was examined by FE models. In addition, limit state of foundation 
was defined by fatigue limit state of concrete. The space-averaged second invariant of strain 
was proposed as useful index. Consequently, the stress-number of cycle (S-N) diagram derived 
from laboratory experiment was shown. That suggested that the fatigue life of the specimens 
vibrated in two directions tends to be shorter than lives under single directional vibration.

Figure 18. Normalized amplitude of horizontal load—cycles at failure based on experiment.
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Abstract

This chapter describes a wind tunnel experiment that was undertaken to investigate the
changes in the aerodynamic performance of a wind turbine due to the inclusion of a
2-Dimension (2D) airfoil with a serrated trailing edge designed to reduce the noise caused
by a wind turbine rotor blade. The restrictive condition for the serrated trailing edge
equipped with the use of a 2D airfoil was examined through the use of a wind tunnel
experiment after studying existing restrictive condition and analyzing prior research on
serrated trailing edges. The study was conducted according to Howe’s theory, which is a
cornerstone of the study of noise reduction effects produced by a serrated trailing edge.
For the serrated trailing edge equipped on a 2D airfoil, the wake distribution and the
relation to noise were analyzed in order to determine the restrictive condition in accor-
dance with Howe’s theory. The results indicated that an empirical formula or a theoretical
approach should consider changes in the boundary layer thickness of a 2D airfoil, so an
empirical noise prediction formula is suggested for the serrated trailing edge. Also, a
comparison and an analysis of the prediction and the experimental results for the noise
produced by the NACA0012 or the baseline airfoil equipped with a serrated trailing edge
suggested a novel formula for a 2D airfoil. Finally, the 2D airfoil noise data are compared
with wind tunnel test data by using an empirical formula estimation method.
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1. Introduction

Studies on serrated trailing edges have been conducted in order to find solutions to noise
problems in the wind turbine rotor field. In 1991, Howe [1] suggested a theory to predict noise
reduction in a 2D airfoil with a serrated trailing edge. He defined the variables depending on
the shapes of the edges and identified differences in noise reduction depending on various
aspect ratios of serrated trailing edges. Based on Howe’s serrated trailing edge theory, Braun
[2] confirmed in 1999 that noise produced by a wind turbine rotor could be reduced by the
application of a serrated trailing edge with a diameter of 16 m, and observed that changes in
the frequency domains of noises occurred depending on the installation angles of serrated
trailing edges.

In 2009, Gruber and Joseph [3] reported the noise reduction effect and the boundary layer
thickness of a serrated trailing edge on a 2D airfoil by designing a 2D airfoil based on Howe’s
theory. Oerlemans et al. [4] applied a serrated trailing edge to a 2.3 MW wind turbine rotor to
observe noise changes, and used the beam-forming method to confirm noise changes.

From 2010 to the current, Phillip [5] has been conducting a wind tunnel test on a sawtooth-
shaped trailing edge and a slit-shaped trailing edge, and has confirmed the noise reduction
effect and predicted noise changes based on Howe’s theory. Michel Roger [6] carried out a
wind tunnel test on five types of blush-shaped trailing edges. Based on the cross-section of the
2D airfoil of NACA65(12)-1, changes in the frequency components caused by variations in
wake and flow were recorded using a hot-wire anemometer. In 2012, Dennis Y.C. Leung [7]
applied a trailing edge with a 0� angle of attack to a 2D airfoil, and confirmed noise reduction
effects owing to changes in the aspect ratio of serrated trailing edges.

As mentioned above, the theoretical background of the previous studies was based on Howe’s
theory, but among the experiments involving wind tunnel tests and the actual wind turbine
rotor tests, none showed improvements in both aerodynamic performance and noise perfor-
mance simultaneously. Also, the studies on the noise reduction effect of serrated trailing edges
only confirmed the noise reduction effects, while most of the studies on aerodynamic perfor-
mance also only showed changes in noise performance.

This study aimed to examine changes in both aerodynamic performance and noise reduction
by applying serrated trailing edges to 2D airfoils in a wind tunnel experiment. Also, this study
proposes a prediction model for noise reduction effects with the use of serrated trailing edges,
based on the experimental results obtained from the wind tunnel test.

2. Theoretical background of trailing edge serration

2.1. Noise reduction mechanism of trailing edge serrations

The noise reduction mechanism of trailing edge serrations was introduced by Howe based on an
experiment on trailing edge noises in a 2D airfoil [1]. Figure 1 shows the shape-related variables of

Stability Control and Reliable Performance of Wind Turbines122

serrated trailing edges applied to 2D airfoils in this study. The noise reduction effects of the
serrated trailing edges were defined with the following criteria: span-wise wavelength (λs),
amplitude of serrations (h), incline angle (θ), main stream velocity (U), and acoustic frequency (ω).

Howe’s theory of the noise reduction effect induced by the use of trailing edge serrations is
based on the following preconditions:

1. The airfoil of a serrated trailing edge has a plate shape, and the span of a rotor blade is
infinitive.

2. Noises are produced by the turbulent components that pass through the trailing edge with
a 0� angle of attack, under the condition that noises are only present in the trailing edge.

3. The Kutta condition is met, and the flow that passes through the plate-shaped airfoil has a
low Mach number.

4. Under the same flow conditions, the ratios between the amplitude of serrations and the
boundary layer thickness and the wake of 2D airfoils are constant.

Based on the above preconditions, Howe [1] proposed an equation for noise reduction accom-
plished by serrated trailing edges. Eq. (1) is a function which defines the noise reduction effect
(Ѱ(ω)) induced by trailing edge serrations with boundary layer thickness (σ), span-wise wave-
length (λ), and blade-tip clearance based on the turbulent fluctuation frequency (ω) [1].

ð1Þ

Eq. (2) was created with the root-to-tip distance set at “h ≥ 0”, for the case in which a serrated
trailing edge is not used.

Figure 1. Turbulent flow over a serrated trailing edge [1].
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application of a serrated trailing edge with a diameter of 16 m, and observed that changes in
the frequency domains of noises occurred depending on the installation angles of serrated
trailing edges.

In 2009, Gruber and Joseph [3] reported the noise reduction effect and the boundary layer
thickness of a serrated trailing edge on a 2D airfoil by designing a 2D airfoil based on Howe’s
theory. Oerlemans et al. [4] applied a serrated trailing edge to a 2.3 MW wind turbine rotor to
observe noise changes, and used the beam-forming method to confirm noise changes.

From 2010 to the current, Phillip [5] has been conducting a wind tunnel test on a sawtooth-
shaped trailing edge and a slit-shaped trailing edge, and has confirmed the noise reduction
effect and predicted noise changes based on Howe’s theory. Michel Roger [6] carried out a
wind tunnel test on five types of blush-shaped trailing edges. Based on the cross-section of the
2D airfoil of NACA65(12)-1, changes in the frequency components caused by variations in
wake and flow were recorded using a hot-wire anemometer. In 2012, Dennis Y.C. Leung [7]
applied a trailing edge with a 0� angle of attack to a 2D airfoil, and confirmed noise reduction
effects owing to changes in the aspect ratio of serrated trailing edges.

As mentioned above, the theoretical background of the previous studies was based on Howe’s
theory, but among the experiments involving wind tunnel tests and the actual wind turbine
rotor tests, none showed improvements in both aerodynamic performance and noise perfor-
mance simultaneously. Also, the studies on the noise reduction effect of serrated trailing edges
only confirmed the noise reduction effects, while most of the studies on aerodynamic perfor-
mance also only showed changes in noise performance.

This study aimed to examine changes in both aerodynamic performance and noise reduction
by applying serrated trailing edges to 2D airfoils in a wind tunnel experiment. Also, this study
proposes a prediction model for noise reduction effects with the use of serrated trailing edges,
based on the experimental results obtained from the wind tunnel test.

2. Theoretical background of trailing edge serration

2.1. Noise reduction mechanism of trailing edge serrations

The noise reduction mechanism of trailing edge serrations was introduced by Howe based on an
experiment on trailing edge noises in a 2D airfoil [1]. Figure 1 shows the shape-related variables of
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serrated trailing edges applied to 2D airfoils in this study. The noise reduction effects of the
serrated trailing edges were defined with the following criteria: span-wise wavelength (λs),
amplitude of serrations (h), incline angle (θ), main stream velocity (U), and acoustic frequency (ω).

Howe’s theory of the noise reduction effect induced by the use of trailing edge serrations is
based on the following preconditions:

1. The airfoil of a serrated trailing edge has a plate shape, and the span of a rotor blade is
infinitive.

2. Noises are produced by the turbulent components that pass through the trailing edge with
a 0� angle of attack, under the condition that noises are only present in the trailing edge.

3. The Kutta condition is met, and the flow that passes through the plate-shaped airfoil has a
low Mach number.

4. Under the same flow conditions, the ratios between the amplitude of serrations and the
boundary layer thickness and the wake of 2D airfoils are constant.

Based on the above preconditions, Howe [1] proposed an equation for noise reduction accom-
plished by serrated trailing edges. Eq. (1) is a function which defines the noise reduction effect
(Ѱ(ω)) induced by trailing edge serrations with boundary layer thickness (σ), span-wise wave-
length (λ), and blade-tip clearance based on the turbulent fluctuation frequency (ω) [1].

ð1Þ

Eq. (2) was created with the root-to-tip distance set at “h ≥ 0”, for the case in which a serrated
trailing edge is not used.

Figure 1. Turbulent flow over a serrated trailing edge [1].
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The noise reduction effects of serrated trailing edges are produced by changes in the noise
components of the turbulent boundary layers of 2D airfoils. At this time, the turbulence-induced
frequency is assumed to meet the condition, and the changes in the turbulent boundary layer of
serrated trailing edges resulted in the reduction of noises greater than the minimum. Also, under
the same boundary layer conditions, the varying noise reduction effects depend on the different
aspect ratios of serrated trailing edges [1, 8].

However, when a plate-shaped serrated trailing edge was applied to a 2D airfoil in an actual
experiment, it is impossible to meet the preconditions proposed by Howe, which entail an
experimental environment with a 0� angle of attack and a constant ratio between the blade-tip
clearance and the boundary layer thickness of serrated trailing edges.

In this study, the authors confirmed the preconditions proposed by Howe for the noise reduc-
tion effect brought about by the use of serrated trailing edges, and identified the factors
restricting the noise reduction effects when a serrated trailing edge is applied to a 2D airfoil in
a wind tunnel test. Also, the study proposed a model that predicts airfoil self-noises. In
addition, the study utilized the wind tunnel test results to review the validity of the noise
prediction empirical model for 2D airfoil self-noises, which was introduced by Brooks.

3. Experimental apparatus and procedures

3.1. 2-Dimension airfoil noise test

This study conducted a wind tunnel test on 2D airfoils in a closed test section with a size of
1.25 � 1.25 m by using the subsonic anechoic wind tunnel test facility at Chungnam National
University. The wind tunnel experimental apparatus was set up to measure aerodynamic
performance and noise reduction, as seen in Figure 2. To assess the aerodynamic performance
of 2D airfoils, a three-axis balance was used, whereas a pressure scanner system with 50
pressure holes and 50 channels was installed in order to measure the pressure distribution.
Also, a microphone system with a total of seven channels was installed to measure noises, as
shown in Figure 3. A wind tunnel experiment was measured in the low-speed semi-anechoic
wind tunnel at Chungnam National University. The volume of the anechoic chamber was
211.9 m3 and the tapered anechoic chambers had a cut-off frequency of 150 Hz [9].

Figure 4 shows the 2D cross-section of the experimental models with a downscaled radius 75%
as large as the size of an actual rotor. The rotor blade had a chord length of 0.35 m and a span
of 1.249 m, and it was made of 60-class aluminum in order to minimize the possible structural
vibrations and noises of the experimental models during the wind tunnel test. The model was
installed with a structure supporting both ends (by fixing the upper and lower blades) and on
a turn table with 360� rotation, and the wind tunnel velocity and airfoil angles of attack could
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be adjusted depending on the experimental conditions. The aerodynamic performance of the
experimental models was measured during the experiment by installing 2EA of three-axis
balance. The aerodynamic performance and noise performance were simultaneously mea-
sured by installing each three-axis balance in the upper and lower part of the wind tunnel test
section and by fixing both tips of the experimental model. The noise performance test was
conducted with a wind velocity of about 30 m/s (RE = 700,000) and a Reynolds number in
consideration of the downscaling of the rotor radius to 75% of actual size. Noises were
measured with a total of seven microphones, which were installed 1750 and 1830 mm away
from the trailing edge of the blade. In the 2D airfoil experiment, Figure 5 shows the total of
7 types of serrated trailing edges were tested together with airfoils; basic information about the
shapes of serrated trailing edges is described in Table 1. The wind tunnel test on 2D airfoils was
conducted in an open experimental section in order to measure the aerodynamic performance
and noise performance at the same time. In this case, precise calibration of the open experimental
section was necessary to measure aerodynamic performance. Wind tunnel tests in open experi-
mental sections are often subject to a simultaneous occurrence of flow stream line curvature and
down-wash deflection phenomena, which rarely happens in free-air conditions. These phenom-
ena resulted in a decrease in the angles of attack and the lift curve slope of the 2D airfoils, and
caused drag-changing shapes. The calibration methods suggested by Brooks & Marcolini [11]

Figure 2. Configuration of wind tunnel test stand for airfoil experiment.
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and by Garner et al. [12] were applied; tunnel height and chord length were used as major
variables in the two calibration methods. The aerodynamics performance experiment results of
the 2D airfoil have been introduced by Ryi & Choi [8].

3.2. Noise measurement results of 2D airfoils with trailing edge serrations

Figure 6 shows the differences in noise levels between a 2D airfoil with a rectangular plate-
shape trailing edge and a 2D airfoil with serrated trailing edges. A noise value greater
than zero indicates the presence of a noise reduction effect. A noise value smaller than
zero indicates the absence of a noise reduction effect. It was observed that the noise effect
increased with an increase in the angle of attack, and the maximum noise reduction reached
about 3 dB.

These experimental results confirmed that the use of serrated trailing edges can improve
aerodynamic performance and noise performance. This study intended to confirm the noise
reduction effect of serrated trailing edges by applying trailing edge serrations to an existing
rotor system.

Figure 3. Layout of the microphone array for the 2D airfoil noise test in the open-jet wind tunnel.
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As seen in Eq. (3), the study compared differences in noise between the plane-shaped trailing
edge and the serrated trailing edge within the same frequency domain. As seen in Figure 7, the
results confirmed a noise reduction effect in the frequency range of about 500 Hz–20 kHz.

3.3. Experiment on wake characteristics of 2D airfoils with serrated trailing edges

If a serrated trailing edge is attached to a 2D airfoil, a noise reduction effect is produced.
However, in such a case, the basic preconditions suggested by Howe’s theory are not satisfied,
according to the results of previous experiments. This study assumed that the Howe’s precondi-
tion amplitude of serrations and the boundary layer thickness of 2D airfoils are constant, and this
is not satisfied. For this reason, the study set up the experimental apparatus to measure the wake
of 2D airfoils, as seen in Figure 8, and used a single axis hot-wire anemometer to measure the
wake in the y/C direction (span-wise) and in the z/C direction (wake-wise) of serrated trailing
edges as well as 8 different types of airfoils.

Figure 9 shows the results of the experiments conducted with eight types of airfoils. Because of
the shapes of the serrated trailing edges, measurements were taken at 240 mm. In the case of
2D airfoils with rectangular plate trailing edges, there were no changes in frequency in the
span-wise direction depending on the shapes of the serrations, and there were no abnormal
phenomena. However, this study assumes distinctive frequency patterns depending on the
shapes of serrations and the peak and valley positions. Therefore, the study demonstrated

Figure 4. Baseline airfoil test model [10].
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Figure 5. Serration trailing edge test model [10].

Serration type λ/h θ (�) (mm) 2h (mm)

Baseline N/A N/A N/A N/A

Rec80 N/A N/A N/A N/A

Nor. Tri (narrow) 0.5 7.125 20 80

Nor. Tri (wide) 2 26.565 80 80

Skew. Tri (narrow) 0.5 14.03 20 80

Skew. Tri (wide) 2 22.5 80 80

Multi. Tri (narrow) 1 28.07 40 80

Multi. Tri (wide) 2 26.565 80 80

Table 1. Serrated trailing edge configuration.
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differences in the components of vortex shedding frequency in the wake of the trailing edge
when serrated trailing edges were used, under the same operating conditions as for 2D airfoils.

3.4. Measurement of serrated trailing edge wake (included information)

The results of the wake measurement of 2D airfoils with serrated trailing edges in the y/C
direction revealed that frequency changes occurred depending on the peak and valley posi-
tions of the serrated trailing edges. Based on these experimental results, the wake in the z/C
direction was measured via the mean flow distribution, depending on the locations of the
serrated trailing edges in the span-wise direction. Figure 10 shows a conceptual diagram of the
wake measurement experiment in the z/C direction using the same experimental devices as for
the wake measurement experiment in the y/C direction. Figure 11 gives information about the
axial directions of serrated trailing edges and the wake measurement locations. The tip of the
serrated trailing edge was defined as the peak, while the inside of the serrated trailing edge
was defined as the valley. The wake measurement experiment was conducted by defining the
(x, y, z) axes of the tip of the serrated trailing edges as (0, 0, 0).

Figure 12 shows the results of the wake measurements of six types of serrated trailing edges.
When serrated trailing edges were attached, varying wake distributions were observed
depending on the types of serrated trailing edges. Boundary layer changes of the 2D airfoils
and different flow distributions in the peak and valley positions were observed. According to
these results, the precondition suggested by Howe to explain the noise reduction effect of
serrated trailing edges, that all the boundary layer thicknesses are constant, was not satisfied.

Figure 6. Noise level difference of baseline airfoil with serration trailing edge.
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Figure 7. Noise reduced effect for serration trailing edge.

Figure 8. Configuration of wind tunnel test stand for airfoil wake measurement system.
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Figure 9. Velocity spectral map for the plate with serrations measured in the span-wise direction: various serration plate.

Figure 10. Layout of wake measurement for serration trailing edge in the z-axis direction [8].
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4. Empirical formula for noise reduction prediction in 2D airfoils with
serrated trailing edges

In this chapter, we confirmed the noise reduction effect induced by serrated trailing edges and
identified changes in aerodynamic performance and noise performance. Thus, this study con-
firmed changes in the frequency components in the wake and the velocity distribution when a
serrated trailing edge was attached to a 2D airfoil.

Noise in a 2D airfoil is caused by the boundary layer between the surfaces of the blades, the
vortex in the blades, and blade interference. The noise in the wind turbine blade cross-section
is defined as self-noise, and different characteristics of self-noise were observed depending on
the cross-sectional shape of the blade, flow conditions, and angles of attack. As 2D airfoil self-
noises are usually caused by a combination of multiple factors, it is difficult to identify the
exact cause of changes. Brooks et al. [13] suggested an empirical prediction formula based on
the results of an aerodynamic noise experiment conducted on an NACA0012 airfoil.

The current study suggests a noise prediction formula for serrated trailing edges using the
acousticmodel suggested by Brooks, thickness andmaterial for serration strip based on the results
of the aerodynamic noise test and the wind tunnel test conducted on serrated trailing edges [14].

ð4Þ

The 2D airfoil noises which occur in the wind tunnel test are often heavily influenced by
turbulent boundary layers. Based on this fact, Eq. (4) was designed to exclude those noise
components which can be altered by serrated trailing edges. Figure 13 presents information on
the noise components of 2D airfoils with serrated trailing edges.

Figure 14 shows the “Bell-Type” function for serration trailing edge about Frequency Domain.
As seen in Eqs. (5)–(10), the results confirmed noise reduction effect for various aspect ratios of
serrations trailing edge [10] (Figure 14).

Figure 11. Layout of serration plate [8].
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Figure 12. Mean velocity distribution for the plate with different serrations measured in the z axis direction [8].
(a) Nor-mal-type serrations; (b) skewed type serrations; (c) multi-type serrations.
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• The predicted sound field spectrum [10]

ð5Þ

• Oscillatory function of trailing edge

ð6Þ

• Surface pressure Term: Frequency domain

ð7Þ

• Strouhal number function

ð8Þ

• Span-wise length scale function

ð9Þ

• Estimation function for serration trailing edge noise reduction effect

ð10Þ

4.1. Verification of performance of NACA0012 airfoil

The empirical formula for prediction of 2D airfoil self-noises by Brooks was developed based
on the results of an experiment conducted on an NACA0012 airfoil. If an airfoil with a camber
or a serrated trailing edge is used, it is impossible to directly apply the prediction model
suggested by Brooks, because there can be changes not in the blade of a symmetric airfoil but
in aerodynamic performance. To predict noise under such conditions, the lift slope was cali-
brated to the baseline lift coefficient. Figure 15 gives information about the NACA0012 airfoil
with a serrated trailing edge in the wind tunnel test.
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To analyze the noise prediction performance of the NACA0012 airfoil, an experiment was
conducted under the conditions given in Table 2, and the results were used for a comparative
analysis. A comparative analysis of the differences between the experimental results and the

Figure 14. Bell function for serration trailing edge about frequency domain.
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• The predicted sound field spectrum [10]

ð5Þ

• Oscillatory function of trailing edge

ð6Þ

• Surface pressure Term: Frequency domain

ð7Þ

• Strouhal number function

ð8Þ

• Span-wise length scale function

ð9Þ

• Estimation function for serration trailing edge noise reduction effect

ð10Þ

4.1. Verification of performance of NACA0012 airfoil
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in aerodynamic performance. To predict noise under such conditions, the lift slope was cali-
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with a serrated trailing edge in the wind tunnel test.
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predicted results was carried out under a total of three conditions (one, a 2D airfoil without a
serrated trailing edge; and, two and three, the narrow and wide conditions of a normal tri-shaped

Figure 15. NACA0012 airfoil with serration trailing edge.

Model Lift coefficient AOA* Remark

NACA0012 0.50 5.03 N/A

Serration narrow 0.43 4.43 λ=h ¼ 0:5

Serration wide 0.42 4.40 λ=h ¼ 2

Wind speed = 30 m/s.

Table 2. NACA0012 airfoil test condition.

Figure 16. The wind tunnel test and estimation for NACA0012 airfoil condition.
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airfoilwith a serrated trailing edge). Themeasurement of noises collected through themicrophones
was used to calculate the cross spectrum between CH00 and CH02, utilizing a noise prediction
programwhichwas developed based on the empirical formula suggested by Brooks et al. [13].

Figure 16 shows the results of comparative analysis of the noise prediction values of the
NACA0012 airfoil with the actual measured values. The measured values are consistent with
the predicted values. Differences in the low frequency domain (300 Hz or below) can be
ascribed to the background noise of the anechoic wind tunnel test facility.

As seen in Figure 17, the noise reduction effect produced by a serrated trailing edge was
analyzed by applying the contents of the noise prediction formula for the NACA0012 airfoil
and the empirical formula suggested by Brooks et al. [13] for prediction of noises in the
serrated trailing edge, as seen in Eqs. (5)–(10). After conducting an experiment under the
narrow condition, the predicted values were compared with the experimental values.
According to the prediction, noises ranging from 500 Hz to 10 kHz should be reduced by the
inclusion of a serrated trailing edge. Figures 17 and 18 shows the results of the experiment
conducted under the wide condition, as well as the results of the comparative analysis of the
predicted values and the measured values. In accordance with the prediction, it was found that
noises ranging from 300 Hz to 8 kHz were reduced (Figure 18).

Figure 17. The wind tunnel test and estimation for NACA0012 with narrow serration plate.
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4.2. Verification of baseline airfoil performance

In this study, using the NACA0012 airfoil, experimentally tested Brooks’ noise prediction for-
mula and the noise prediction equation for the serrated tail edge are proposed. The prediction of
noise reduction in the baseline airfoil with the shape seen in Figure 19 was conducted, and the
predicted results were compared with the experimentally obtained values. Based on the results
of the wind tunnel test, the lift slope was calibrated to the baseline lift coefficient in order to
predict airfoil self-noises.

For the analysis of noise prediction of the baseline airfoil, an experiment was conducted under
the conditions given in Table 3, and the measured results were compared with the predicted
results. For a comparative analysis between the predicted values and the experimentally
obtained values, the experiment was conducted under a total of three conditions, the single

Figure 18. The wind tunnel test and estimation for NACA0012 with wide serration plate.

Figure 19. Baseline airfoil with serration trailing edge.
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condition of a 2D airfoil without a serrated trailing edge, and the narrow condition and wide
conditions of the normal tri-shaped airfoil with a serrated trailing edge, as was done with the
NACA0012 airfoil. The noises collected through the microphones were used to calculate the
cross-spectrum between CH0 and CH2, and a noise prediction program which was developed
based on the empirical formula suggested by Brooks et al. [13] was utilized to predict 2D airfoil
self-noises, as for the NACA0012 airfoil.

Figure 20 shows the results of the comparison between the predicted values of the baseline
airfoil and the measured values. It was revealed that the disparities between the measured
values of the baseline airfoil and the predicted values were wider than those between the
measured and predicted values of the NACA0012 airfoil. Figures 21 and 22 show the predicted
results when a serrated trailing edge was applied to a 2D airfoil. As there were larger

Model Lift coefficient AOA* Remark

Baseline 0.59 4.60 N/A

Serration narrow 0.51 4.48 λ=h ¼ 0:5

Serration wide 0.55 4.49 λ=h ¼ 2

Wind speed = 30 m/s.

Table 3. Baseline airfoil test condition.

Figure 20. The wind tunnel test and estimation for baseline airfoil condition.
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differences between the predicted values and the measured values in comparison to those of
the NACA0012 airfoil, the study showed a similar performance prediction ability under the
conditions of interest.

When a serrated trailing edge was applied, noise reduction effects were observed both in the
experimental results and the predicted results obtained by the empirical formula, under the same
angles of attack. Also, they showed a similar frequency range where noises were reduced.
However, it was found that the predicted values were smaller than the experimental values.

4.3. Review of noise reduction effects of 2D airfoils with serrated trailing edges

This study examined the noise reduction effects between the NACA0012 airfoil and the baseline
airfoil used by a wind turbine rotor, which is considered a standard airfoil, following
the application of serrated trailing edges. In this study, the validity of the noise reduction effect
was confirmed under the angle of attack set as a precondition. This study utilized Brooks’
empirical formula for noise reduction in 2D airfoils and the ‘Bell-type’ noise prediction empirical
formula in order to examine the noise reduction effect of serrated trailing edges. As mentioned in

Figure 21. The wind tunnel test and estimation for baseline airfoil with wide serration plate condition.
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the beginning of Section 4, however, this study has certain limitations, such as the range of noise
experiment results and the limited types of 2D airfoils.

There were differences in the installation angles of serrated trailing edges depending on the
shapes of the 2D airfoils, which may have caused variations in the frequency ranges of noise
reduction, even when the same serrated trailing edge was used. Such an effect was noted in
previous studies conducted from 1997 to 1999 in the JOULE-III program in Europe to measure
the noises generated by a wind turbine rotor [12]. If follow-up studies take this effect into
account, it may be possible to propose a more accurate noise prediction empirical formula than
the one reviewed by this study.

Another limitation is related to the prediction formula defined as “Bell-type” by this study.
This study conducted a 2D wind tunnel test on the noise reduction effect induced by serrated
trailing edges, based on the baseline 2D airfoil used in actual wind turbine rotors. The contents
of Figure 23 show the noise reduction prediction function of serrated trailing edges
(SPL serration T:E:) and the differences in the noise reduction prediction results between the
previously conducted baseline airfoil and the serrated airfoil. The results confirmed that the
noise reduction effect appeared as ‘Bell-type’ in various aspect ratios (λ=h) of serrated trailing
edges.

Figure 22. The wind tunnel test and estimation for baseline airfoil with wide serration plate condition.
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Figure 22. The wind tunnel test and estimation for baseline airfoil with wide serration plate condition.
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Figure 23. Cross spectrum of baseline airfoil with serration trailing edge.

Figure 24. The level difference of baseline airfoil with serration trailing edge.
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Figure 24 shows both the predicted results and the experimental results of the noise reduction
effect induced by serrated trailing edges. The experimental results showed a ‘Bell-type’ distri-
bution, but in some conditions, the distribution was more similar to ‘Cone-type’. If further
experiments are conducted based on the shape of serrated trailing edges, apart from the
experimental conditions used in this study, it may be possible to improve the accuracy of the
noise prediction formula.

5. Conclusion

A wind tunnel experiment was conducted on 2D airfoils, and the noise reduction effect was
examined based on aerodynamic performance. Using the wind tunnel test on 2D airfoils with
serrated trailing edges, wake distribution measurements and an analysis of their relationship
with acoustic characteristics were conducted in order to examine the restrictive conditions of
Howe’s theory. These experimental results confirmed that as changes occur in the boundary
layer thickness of 2D airfoils, an empirical formula or a theoretical approach which can reflect
these changes is necessary. This study suggested an empirical formula for the prediction of
noises in serrated trailing edges by utilizing the wind tunnel results on 2D airfoils with
serrated trailing edges, based on the acoustic model suggested by Brooks. Also, the wind
tunnel test results and noise prediction results of the NACA0012 airfoil with serrated trailing
edges were compared with those of the baseline airfoil, and, through this comparative analy-
sis, the study suggested a new noise prediction empirical formula for 2D airfoils. The study
confirmed the validity of the proposed noise prediction formula by carrying out aerodynamic
performance testing and noise measurements on the NACA0012 airfoil, the baseline airfoil,
and the serrated trailing edges. However, as the noise prediction formula for the serrated
trailing edges was an empirical formula that was based on limited experimental conditions,
errors may have arose because of factors including the installation angles of the serrated trailing
edges and the cross-sectional shapes of the 2D blades. To make up for the shortcomings in the
test results, additional wind tunnel tests need to be conducted, and in consideration of the test
results, further studies need to be conducted on the formation of a more accurate noise predic-
tion formula.
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Abstract

Offshore wind provides a scalable alternative to conventional energy resources. This chap-
ter provides an insight into various activities of Ministry of Earth Sciences for the realiza-
tion of offshore wind in India. To understand the hurdles in policy frame work for offshore 
wind, the evolution of onshore wind policy is analyzed and suitable strategies for offshore 
wind are proposed. Wind resource assessment results indicated a high offshore potential at 
Kanyakumari, Rameshwaram, Gulf of Khambhat, and Gulf of Kutch. Commercial viability 
studies showed levelized cost of electricity (LCOE) of around Rs 10/kWh at identified sites 
for an internal rate of return (IRR) of 14%. Offshore light detection and ranging (LiDAR)-
based data collection platform has been installed at Gulf of Khambhat and Kutch to obtain 
bankable wind data for the development of offshore wind farms. A preliminary design 
of substructure by exploring different concepts like monopile, jacket, and gravity-based 
foundations was carried out based on their suitability for site-specific environmental and 
soil data. The port facilities along Gujarat and Tamil Nadu coast were assessed, and instal-
lation methodology was developed considering marine spread along the Indian coast.

Keywords: offshore wind, India, wind resources, commercial viability, substructure, 
installation

1. Introduction

The increased environmental awareness, energy security, and depletion of land-based 
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offshore wind farms. The promising factors for offshore wind development are (1) powerful 
and consistent winds compared to onshore, (2) low sound pollution and visual intrusion, (3) 
best benefit to coastal areas due to less transmission cost and losses, and (4) easy transporta-
tion of larger capacity turbines.

Europe is leading the offshore wind market since the inception of its first commercial off-
shore wind project in 1996 with an installed capacity of more than 8 GW connected to grid 
as of 2014. The installed capacity of wind farms in Europe is 8.045 GW [1], while in China 
and Japan are 0.67 and 0.05 GW, respectively [2]. Proposals exist to expand the respective 
capacities to 24 GW (Europe) [3], 10 GW (China) [4], and 1 GW (Japan) [5] by 2020. Actually, 
more than 90% of the global offshore wind farms were located in European waters, and the 
contribution from various countries is shown in Figure 1. In 2013, the world’s largest wind 
farm “London Array” with a capacity of 630 MW is commissioned in United Kingdom [6]. A 
project with 0.468 GW capacity is under construction in USA with proposals for expanding 
the capacity to 10 GW by 2020 [7].

Developing country like India is yet to meet the required energy demands through exist-
ing installed capacities of 259 GW [8]. During fiscal year 2013–2014, India has experienced 
an energy shortage of 4.2% (960 BU against a demand of 1002 BU) with a peak shortage 
of 4.5% (130 GW against a demand of 136 GW) [9]. The southern region has experienced 
a severe energy shortage of 6.8% with a peak shortage of 7.6% [9]. Tamil Nadu, Andhra 
Pradesh, Karnataka, and Kerala belonged to this region and have a coastline of 3100 km 
[10]. Offshore wind being pollution free would be an ideal solution to meet the increas-
ing demand as these coasts were blessed with significant winds. India initiated the efforts 
toward the development of offshore wind in the potential locations, and policy guidelines 
were formulated by the Ministry of New and Renewable Energy (MNRE) to promote off-
shore wind projects. Prior to finalization of offshore wind policy in India, it was essential 
to study the key aspects such as identification of potential sites, selection of suitable wind 
turbines capacity, and arriving at feasible incentives to promote offshore wind, which were 
performed.

Various technical institutes working with MNRE and the Ministry of Earth Sciences (MoES) 
along with the global partners carried out offshore wind assessment studies and identified 

Figure 1. Installed capacity across the world (2014).
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the potential sites. The wind resource assessment studies need to be reinforced with suitable 
data collection in the potential location not only for validation but also for obtaining bank-
able wind data. National Offshore Wind Energy Policy allows interested government and 
private agencies to indulge themselves in carrying out met ocean studies in the potential 
locations. MNRE-National Institute of Wind Energy (NIWE) and M/s Suzlon Energy Limited 
along with technical expertise from the National Institute of Ocean Technology (NIOT) have 
installed light detection and ranging (LiDAR)-based Offshore Data Collection Platforms at 
Gulf of Kambhat and Gulf of Kutch, Gujarat, during fiscal year 2017.

2. Identification of offshore wind potential sites

Wind Atlas gives good indication of the geographical distribution of the wind resource and 
will be useful for decision making and planning of feasibility studies. However, to meet the 
bankability requirements, precise measurements are required for a couple of years at the pro-
posed site. Conventionally, Wind Atlas is generated using analytical wind measurements at 
a number of sites across the country. As long-term historical wind data are not available at 
all the terrains in India, the National Institute of Wind Energy (NIWE) has used Karlsruhe 
Atmospheric Mesoscale Model (KAMM)/Wind Atlas Analysis Application (WAsP) devel-
oped at Risø DTU National Laboratory and generated numerical Wind Atlas for India [11]. 
Verification of model results was carried out using measured wind speeds and directions 
from onshore NIWE metrological masts. The offshore winds till 100-km deep into ocean are 
also generated using the same model, and results need to be verified using measured offshore 
winds. The offshore Wind Atlas shows significant potential along the southern Tamil Nadu 
coast as shown in Figure 2.

Figure 2. Numerically generated offshore and onshore wind resource maps for India by NIWE (source: Risø DTU, 
Indian Wind Atlas, Center for Wind Energy Technology [11]).
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NIWE has commissioned a 100-m high-guyed offshore mast in the coastal line of Dhanushkodi, 
Rameshwaram, to understand the wind profile behavior in the region. The measurement is 
the first of its kind in India being conducted in a narrow strip into the sea at Dhanushkodi, 
which gives a close representation for offshore wind. The data have been monitored since 
October 2013, and the 4-year-old measured wind profile at Dhanushkodi looks promising for 
wind power potential with a mean wind speed of 8.5 m/s.

The European Union (EU) Delegation to India granted the Facilitating Offshore Wind in India 
(FOWIND) project to the consortium led by the Global Wind Energy Council (GWEC) includ-
ing DNV-GL, Center for Study of Science, Technology and Policy (CSTEP) with an objective of 
assessing and promoting the offshore wind power development in India and aiding in facili-
tating India’s transition toward a low carbon energy future. FOWIND reported that a number 
of agencies and institutions have assessed the offshore wind potential of the Indian coast 
including the coasts of Gujarat and Tamil Nadu. However, all of these studies are subject to 
various limitations with a possibility to draw various conclusions. Based on the various stud-
ies, FOWIND identified the significant offshore wind potential zones as shown in Figure 3. 
(Source: FOWIND pre-feasibility report at www.fowind.in.)

The Indian National Centre for Ocean Information Services (INCOIS) has developed wind 
potential maps based on satellite winds from QuickSCAT as shown in Figure 4 [12]. These 
satellite-derived winds were validated and calibrated using in situ winds from five moored 
buoys deployed by the National Institute of Ocean Technology (NIOT) along the Indian coast. 
The wind potential maps generated by these institutes indicate significant potential along 
Tamil Nadu and Gujarat coast. It is observed that winds of magnitude 6 m/s or more per-
sist for more than 300 days and 8 m/s or more persists for about 200 days along the south-
ern coasts of Tamil Nadu. The wind potential maps generated by both the institutes indicate 
Rameshwaram and Kanyakumari along the Tamil Nadu as suitable sites for setting offshore 
wind farms.

Figure 3. Offshore wind potential zones identified by FOWIND.
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To study the wind characteristics, the wind speeds along Rameshwaram, Kanyakumari, and 
Jakhau were obtained from INCOIS at a 10-m elevation and extrapolated to 80 m using power 
law with a shear coefficient of 0.14 [13]. The mean wind speeds at Rameshwaram, Kanyakumari, 
and Jakhau for derived winds at an 80-m elevation are 8.5, 9.1, and 7.3 m/s, respectively.

A suitability analysis for these three potential sites along the Indian coast was carried out 
by Earth System Science Organization (ESSO)-NIOT based on the wind data obtained from 
ESSO-INCOIS. The properties of various class II wind turbines available in the market, in the 
range of 2–7 MW, were considered to identify suitable turbine. The uncertainties due to mea-
surement scheme, futuristic wind prediction, and wind shear for measured wind speeds were 
considered, and the plant load factors at various probabilistic levels like 50 (P50), 75 (P75), 
and 90% (P90) were arrived at. It is observed that Repower 3.4-MW turbine performs well 
at both the locations. The power production from wind turbine after accounting for various 
losses like turbine unavailability (3%), Wake effects losses (8%), and electrical losses (5%) for 
Repower 3.4 MW turbine is given in Table 1.

Figure 4. Offshore wind potential maps for Indian coast by Earth System Science Organization (ESSO)-INCOIS.

S. no. Company Capacity 
(MW)

Kanyakumari Rameshwaram

(P90) (P75) (P50) (P90) (P75) (P50)

1 Suzlon 2.1 0.43 0.45 0.47 0.37 0.38 0.40

2 Repower 3.2 0.40 0.42 0.44 0.33 0.34 0.36

3 Repower 3.4 0.51 0.53 0.55 0.43 0.45 0.46

4 Repower 5.0 0.39 0.40 0.42 0.33 0.34 0.35

5 Repower 6.2 0.31 0.33 0.34 0.30 0.31 0.32

Plant load factors after incorporating losses in power production

1 Repower 3.4 0.43 0.45 0.46 0.37 0.38 0.39

Table 1. Performance of wind turbines at potential sites (plant load factor).
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Figure 5. Installed LiDAR at Gulf of Khambhat for MNRE-NIWE.

The wind resource assessment is proposed to be validated with LiDAR-based data collection 
platform. These platforms were designed and successfully installed with the technical support 
of the National Institute of Ocean Technology (NIOT) at Gulf of Khambhat for M/s NIWE and 
Gulf of Kutch for M/s Suzlon to obtain wind velocities along with profiles. The platforms at 
Gulf of Khambhat and Gulf of Kutch have been installed in high tidal currents and poor soil 
conditions (Figure 5). The substructure (monopile) shown in Figure 5 supports the data col-
lection equipment/wind turbine by absorbing the environmental loads acting on it. The mono-
pile is fabricated using the steel plates and mobilized using barges and installed at the site.

3. Commercial viability studies

Commercial viability studies are important to attract the investors for expensive offshore sys-
tems. Offshore development in general and wind projects in particular are complex, capital-
intensive engineering endeavors, and a large number of factors influence development. The 
design, logistics, vessel requirements, and physical infrastructure of each offshore farm are 
unique but a number of similarities exist between projects. The environmental conditions, the 
level of competition, and government support are regional and country-specific and they play 
a key role in offshore wind viability studies.

The capital cost of offshore wind turbine systems is significantly higher than land-based 
systems because of the higher cost in foundations, installation, operation and maintenance, 
and complex logistics. The offshore environment is significantly more uncertain and difficult 
than onshore and thus more costly and risky. The offshore environment involves personnel 
traveling to and from offshore turbines, and this increases equipment and time costs as well 
as insurance costs due to increased risks. Offshore work involves increased risks of strong 
winds which affect the amount of time available for maintenance and installation which in 
turn influence capital and operation costs. Offshore environments are corrosive to electrical 
and structural equipment and require turbines to be marinized with cathodic and humidity 
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protection. Capital expenditures for offshore wind projects depend on marine vessel day rates 
which are uncertain, and offshore foundations require more steel for jackets and pilings than 
onshore foundations. The components that affect the capital cost of wind turbine are (1) wind 
turbine and its installation, (2) substructure and its installation, and (3) electrical systems and 
its installation (inner array cables, export cables, and substation).

The capital cost is modeled with hypothetical 170-MW wind farm composed of 50, 3.4-MW 
turbines. The turbine data available in open source are considered (Repower) for this study. 
The farm considered in shallow water of 10–15-m water depth with a 5-m diameter monopile 
with 100-mm thick and 30-m penetration into seabed. The cost of various components, opera-
tion and maintenance cost, is considered as per existing wind farms and modified to Indian 
conditions, which is explained in detail in subsequent sections.

The primary capital cost for onshore wind projects is the turbine; installation costs make up 
about 14% of the total capital costs. For offshore wind projects, the cost of installation is higher, 
approximately 20% of the total costs, and the costs of building the foundations account for 
another 20% of capital costs. For offshore wind, operation and maintenance costs make up a 
larger proportion of the overall components of the COE. This is likely due to the costs of access-
ing offshore wind farms and maintaining turbines in operating condition. The components 
considered are substructure, transition piece, wind turbine, installation of the above three com-
ponents, inner array and export cables laying, and offshore substation installation [1, 14–19].

3.1. Substructure and transition piece

One of the most significant challenges facing offshore wind engineers is the effective and cost-
efficient fixing of the turbine tower to the seabed. To date, this has typically been achieved via a 
monopile foundation which constitutes approximately 20–25% of the total capital expenditure 
in offshore wind farm construction. In this study, monopile- and gravity-based foundations 
are considered for capital cost estimation. For substructure and transition piece fabrication, 
Rs. 200/− per kg is considered based on the market studies for monopile and Rs. 25,000/− per 
cubic meter for gravity foundation (including concrete reinforcement and handling).

3.2. Wind turbine

The wind turbine itself is the most important cost component of an offshore wind project 
constituting from 30 to 40% of the total capex. Here, the turbine cost is considered based on 
interaction with the Original Equipment Manufacturers (OEMs). A range of interacting driv-
ers will affect costs into the future, like increasing competition, competing markets, innova-
tion, scale effects, and standardization before drawing conclusions about the overall scale and 
trajectory of change to turbine costs.

3.3. Installation

Foundation, turbine, substation, and cable installation together comprise approximately 20% 
of overall capex. At present, no offshore wind projects have been developed or are under con-
struction in India, and since there is no direct Indian experience to draw upon, a comparative 
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statistical assessment is used in the analysis. In this study, the installation methodology used 
in European offshore projects is reviewed; the costing of marine spread is accounted for con-
sidering the availability in India and nearby countries like Singapore, Middle East, and Korea.

3.3.1. Foundation installation

Monopile foundations consist of a large cylindrical steel pile and a steel structure (transition 
piece) placed over and grouted onto the monopile. Monopiles may be transported to the site 
by the installation vessel (considered in this study); they may be barged to the site, they may 
be transported by a feeder vessel, or they may be capped and wet-towed. The pile is upended 
by a crane and/or a specialized pile-gripping device, and a hydraulic hammer drives the pile 
into the seabed to a predetermined depth. The time to drive the piles depends on the soil type, 
diameter and thickness of the piles, burial depth, and the weight of the hammer. A rocky 
subsurface may prevent driving operations, in which case a drill will be inserted into the 
pile to drill through the substrate. After the monopile is secured, a transition piece is grouted 
onto the pile. The transition piece is typically installed immediately after piling by the same 
vessel that drove the pile, but if two vessels are employed in installation, a separate vessel 
may follow behind the foundation installation. The area around the monopile may need to be 
protected with rocks to guard against erosion (scour protection).

All these activities need to be performed in a highly dynamic offshore environment, and 
hence expensive vessels are required for safe installation. Presently, such barges are available 
in countries like Europe, Chain, Japan, and Korea only. Based on the ease of transportation, 
Korean vessels are considered for cost estimation with day rates as per market rates. The cost 
of bringing the vessels from Korea (4000 nm), the travel time of 60 days (for both ways) at a 
speed of 6 knots, the installation rate of 3.1 days per unit [14], and hiring rates of 140,000 USD/
day all inclusive are considered along with the tug.

3.3.2. Turbine

There are a large number of options for turbine installation. The method used to install tur-
bines is determined by available vessels, the turbine model, and the desire to minimize the 
number of offshore lifts. If the number of lifts is minimum, it is noted that crane capacity will 
increase accordingly.

As mentioned in Section 3.3.1, these vessels also should be obtained from the same coun-
tries. Based on the ease of transportation, Korean vessels are considered for cost estimation 
with day rates as per literature and market. The cost of bringing the vessel from the Korea 
(4000 nm), the travel time of 36 days (for both ways) at a speed of 10 knots, the installation rate 
of 4.0 days per unit, and the hiring rates of 200,000 USD/day are all inclusive.

3.3.3. Electrical infrastructure

The electrical infrastructure at an offshore wind farm includes inner-array cables which 
connect turbines together in series, export cable which transmits electricity to shore, and, 
potentially, one or more electrical substations to increase voltage prior to export. Offshore 
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wind power cable is usually buried in the seafloor. There are several methods for installa-
tion, but in most cases, cable is simultaneously laid and buried by either an underwater plow 
or a remotely operated vehicle (ROV). Presently, such barges are available in countries like 
Singapore and Malaysia nearer to India. Hence, the cost of bringing the vessel from Singapore 
or Malaysia (1600 nm), the travel time of 10 days (for both ways) at a speed of 15 knots, the 
installation rate of 0.7 km/day, and the hiring rates of 125,000 USD/day for export cable and 
50,000 USD for in-array cables are all inclusive.

The grid infrastructure is a concern for renewable energy in India and will be facing challenges 
for offshore wind developments due to large-scale variable generation technology. These chal-
lenges include grid strengthening, grid/code balance at national scale, and so on. Technical 
Standard for Grid Connectivity such as Grid Code (IEGC 2010) and GEGC-2004 can be updated.

The capital cost is estimated for three cases comprising different scenarios, and the summary 
is provided in Table 2.

Case 1: Considering the present scenario in India, with most of the marine spread from nearby 
countries and using average installation rates per unit-based existing wind farms [14].

Case 2: Assuming the required marine spread to be available in India and using optimistic 
installation rates per unit based on existing wind farms [14].

Case 3: Considering innovative gravity-based foundation for Rameshwaram based on site-
specific soil stratum in addition to Case 2.

A study was conducted to check the commercial viability of offshore wind farms along Tamil 
Nadu coast. The general cash flow for a wind turbine is shown in Figure 6. The capital cost 
for setting up a wind turbine is raised by an investor with certain equity and the rest as 
debited from bank at an interest rate during loan tenure. In India, Indian Renewable Energy 
Development Agency Limited (IREDA) provides soft loans for 70% of capital cost with an 
interest rate of 11.90–12.50% based on grade for a tenure of 10–15 years. However, if the ten-
ure is more than 12 years, an additional interest rate will be charged. In this study, an interest 

S. no. Component Cost in Indian rupees (crores)

Case 1 Case 2 Case 3

1 Foundation (material and fabrication) 9.81 9.81 1.5

2 Transition piece (material and fabrication) 3.67 3.67 3.67

3 Installation of substructure and transition piece 4.25 1.48 0.07

4 Turbine 23.8 23.8 23.8

5 Installation of wind turbine 6.40 1.90 1.90

6 Electrical infrastructure (material and installation) 10.68 8.84 8.84

7 Port-handling charges and project development 2.17 1.89 3.25

Total 60.78 51.40 43.05

Table 2. Capital cost summary for hypothetical 170-MW wind farm consisting of 50 numbers of 3.4 MW turbines.
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number of offshore lifts. If the number of lifts is minimum, it is noted that crane capacity will 
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As mentioned in Section 3.3.1, these vessels also should be obtained from the same coun-
tries. Based on the ease of transportation, Korean vessels are considered for cost estimation 
with day rates as per literature and market. The cost of bringing the vessel from the Korea 
(4000 nm), the travel time of 36 days (for both ways) at a speed of 10 knots, the installation rate 
of 4.0 days per unit, and the hiring rates of 200,000 USD/day are all inclusive.
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The capital cost is estimated for three cases comprising different scenarios, and the summary 
is provided in Table 2.

Case 1: Considering the present scenario in India, with most of the marine spread from nearby 
countries and using average installation rates per unit-based existing wind farms [14].

Case 2: Assuming the required marine spread to be available in India and using optimistic 
installation rates per unit based on existing wind farms [14].

Case 3: Considering innovative gravity-based foundation for Rameshwaram based on site-
specific soil stratum in addition to Case 2.

A study was conducted to check the commercial viability of offshore wind farms along Tamil 
Nadu coast. The general cash flow for a wind turbine is shown in Figure 6. The capital cost 
for setting up a wind turbine is raised by an investor with certain equity and the rest as 
debited from bank at an interest rate during loan tenure. In India, Indian Renewable Energy 
Development Agency Limited (IREDA) provides soft loans for 70% of capital cost with an 
interest rate of 11.90–12.50% based on grade for a tenure of 10–15 years. However, if the ten-
ure is more than 12 years, an additional interest rate will be charged. In this study, an interest 
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rate of 12.5% for a tenure of 12 years is considered. After commissioning of wind farm, the 
components that contribute for cash-out flow are insurance (0.1% of initial cost) and operation 
and maintenance charges. The returns include unit price paid for electricity produced, fiscal 
incentives, and income tax depreciation. The main incentives provided by the Indian govern-
ment for wind energy are generation-based intensive (GBI) and renewable energy certificates 
(RECs). GBI of Rs. 0.50/kWh will be provided with a cap of Rs. 1 crore/MW for a period of 
10 years through IREDA. The Central Electricity Regulatory Commission (CERC) has notified 
that the floor and ceiling prices will range from Rs. 1.5 to 3.9 per unit (for non-solar RECs) [17]. 
In this study, RECs of Rs. 1.5/kWh is considered. The accelerated depreciation of 80% in the 
first year is reinitiated in 2014. All these incentives are considered in this study.

Developers should structure the repayments which will give the lenders a comfortable zone 
and aim for higher debt-service coverage ratios. For banks to finance a wind farm, an average 
DSCR of 1.3 is required. The unit prices of electricity for three different scenarios are listed in 
Table 3 for a DSCR of 1.3 at P50 PLF level.

Kanyakumari Rameshwaram

LCOE with no 
incentives (Rs.)

Unit price with existing 
incentives (Rs.)

LCOE with no 
incentives (Rs.)

Unit price with existing 
incentives (Rs.)

Case 1 8.23 4.71 9.38 5.52

Case 2 7.24 3.98 8.21 4.66

Case 3 — — 7.17 3.89

Table 3. Unit pricing with and without incentives.

Figure 6. Cash flow for wind turbine project.
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4. Development of substructures for offshore wind

The support platform costs about 24% [20] of the total system cost and needs to be opti-
mized to increase the commercial viability of offshore wind projects. The substructure con-
cepts used to support offshore wind turbine include monopiles, gravity-based structures, 
jackets, tripods, tripiles, and floating platforms [21]. The choice of foundation depends on 
water depth, environmental, and geotechnical conditions. Monopiles and gravity-based 
foundations are generally adopted for shallow water depth below 30 m. As the water 
depths increase, these foundations yield larger lateral deflection and rotations at a nacelle 
level. Therefore, a braced frame structure like jacket and tripod is used at a transition 
water depth of 30–50 m. In ultra-deep water (>50 m), floating compliant structures are 
adopted [22].

The preliminary analysis of site and environmental conditions indicate the suitability of 
monopile along Gulfs of Gujarat due to shallow water depths, gravity-based foundations at 
Rameshwaram due to shallow water depths and moderated soil conditions, and jackets at 
Kanyakumari due to moderate depths and soil conditions. Therefore, the preliminary design 
of three substructure concepts, monopile, gravity, and jacket, based on static and earthquake 
loadings was taken up. The typical configurations of three substructure configurations con-
sidered are shown in Figure 7.

4.1. Methodology

The optimum substructure configuration for offshore wind turbine can be arrived only by 
considering the in-place behavior of structure along with suitable installation methodology. 

Figure 7. Gravity, monopile and jacket substructure configurations.
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The structure has to be analyzed for combined aerodynamic and hydrodynamic forces to 
understand the in-place behavior. Then, the structure should be designed for safely transfer-
ring the forces into the soil by satisfying serviceability and strength aspects. The detailed 
design methodology is given in Figure 8.

The aerodynamic loads are estimated using open-source tool “FAST” based on Blade element 
momentum theory. The wave kinematics is obtained using a suitable wave theory, and the 
hydrodynamic forces are estimated using Morison’s equation. The soil interaction is modeled 
as springs with a suitable stiffness. The structural behavior of the entire system is analyzed 
using finite element method and members are designed. The gravity-based foundation is 
checked against stability due to sliding, overturning, and bearing. It is proposed to transport 
the gravity foundation through flotation and ballast at the proposed location. The draft of 
foundation is estimated using static stability conditions, and the response amplitude opera-
tors are estimated for dynamic stability.

Figure 8. Methodology for substructure development.
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4.2. Structural analysis and design of substructure

4.2.1. Aerodynamic loads on turbine

The behavior of NREL 5-MW turbine has to be studied under various design conditions like 
power production, power production plus occurrence of fault, start up, normal shut down, 
emergency shutdown, parked, parked with fault conditions, transport, assembly, main-
tenance, and repair. The International Electrotechnical Commission [24, 25] has provided 
models for the wind conditions during these design conditions, and these models have to be 
established for various wind speeds as per IEC code. The obtained wind time history from 
these models can be converted to thrust force on turbine using open-source tool FAST. This 
tool works under beam element momentum theory, which is a combination of Blade element 
theory and momentum theory. The Blade element theory assumes the rotor blade sections as 
infinitesimally small thickness like a two-dimensional aerofoil. Aerodynamic forces for each 
segment are estimated considering local flow conditions, and the overall forces are obtained 
by integrating all the sections. The momentum theory assumes the loss of momentum due 
to work done by airflow through the rotor plane on the blade elements. The induced veloci-
ties are calculated from the momentum lost in the flow in the axial and tangential directions. 
These induced velocities from momentum theory are used by Blade element theory for the 
calculation of thrust forces on turbine.

The thrust force time history obtained from FAST is converted to equivalent static load for all 
the load conditions. The equivalent static load can be obtained by multiplying the maximum 
dynamic load in time history with the dynamic amplification factor. The dynamic amplifica-
tion factor depends on the spacing of the natural frequency of structure and the dominant 
frequency of force time history and estimated using the DAF Eq. (1). The natural frequency 
of the structure is obtained using eigen value analysis, and the dominant frequency of force is 
obtained using Fast Fourier Transform. The damping in the structure is considered as 2%. It is 
observed that the maximum aerodynamic load of 1.6 MN was obtained for extreme operating 
gust case, and this is used for the design of sub-structure

  DAF =   1 ___________  
 √ 
____________

    (1 −  r   2 )    2  +   (2ζr)    2   
    (1)

where r is the ratio of forcing frequency to the natural frequency of structure and ζ is the 
damping ratio.

4.2.2. Hydrodynamic loads on substructure

The substructure has to be designed for a designed wave height of 4 m and a period of 12 s. 
The hydrodynamic forces for this wave conditions are estimated using Morison’s equa-
tion, which is applicable for members with a diameter smaller than 0.2 times of wavelength 
[26]. Considering the general dimensions of substructure for fixed offshore wind turbines, 
Morison’s expression is commonly used. It is a semi-empirical formula which assumes the 
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total force as a sum of inertia component due to the fluid acceleration and a drag compo-
nent due to fluid velocity. The wave kinematics such as velocity and acceleration required by 
Morison’s equation can be obtained from various wave theories like linear/airy wave theory, 
Stokes wave theory (up to fifth-order approximations), stream function wave theory (up to 
22nd-order approximations), and cnoidal wave theory. The choice of wave theory depends on 
wave height (H), wave period (T), and water depth (d). A chart based on experimental results 
is available to guide the use of wave theory based on two non-dimensional parameters (H/
gT2) and (d/gT2). Based on this chart, Stokes second-order [27] wave theory is used.

The currents mostly exist in the same direction of wave, and it will be the critical case for 
design. A surface current of 1.5 m/s with one-seventh power profile [28] variation is consid-
ered for the design of substructure. The current velocity exerts drag force on the structure and 
cannot be algebraically added to wave forces because of nonlinear term in the Morison’s drag 
equation. Therefore, the total drag force due to wave and current is obtained by considering 
the vector sum of current velocity and water particle velocity. The combined drag and inertia 
force (including wave and current) vary with time and will be maximum only at one occasion. 
In order to find the maximum force, phase angle is varied from 0 to 360° with an increment of 
10° and the base shear for each case is estimated. It is observed that the maximum base shear 
is at 300° phase angle, and this case is used for the design of substructure.

4.2.3. Earthquake loads

Wind turbines are slender structures with a large mass at the top. The slender and relative 
long first natural periods may reduce the seismic forces but the high top mass may induce 
increased inertia force [29]. The structure is discretized into beam elements of 1 m and the 
masses at each nodal level are lumped accordingly (the turbine mass is lumped at the top of 
the tower). The free vibration analysis is carried out, and the natural frequencies are given in 
Table 4.

Response spectral method is used for the estimation of earthquake forces for both the sub-
structure concepts. In this method, earthquake acceleration is obtained by combining the 
acceleration coefficients of different mode shapes. For each mode, the acceleration coefficient 
is obtained from the design spectrum of IS 1893:2002 [30] and combined using complete 
quadratic combination (CQC) modal [31]. The parameters considered for obtaining seismic 
coefficient are zone factor—0.16, reduction factor—2, importance factor—1.5, and soil type—
medium soil. The damping ratio of 2.0% is considered as the material is steel [32]. This seis-
mic coefficient is multiplied with seismic mass and acceleration due to gravity (g) to obtain 

Mode no. Natural periods (s)

Gravity foundation Monopile Jacket

1 & 2 3.065 3.244 2.03

3 & 4 0.382 0.419 0.42

Table 4. Natural periods of various substructures.

Stability Control and Reliable Performance of Wind Turbines160

earthquake forces. The earthquake loads are then combined with operational environmental 
conditions with a wave height of 2 m and a period of 8 s along with 0.7 m/s surface currents.

4.2.4. Structural analysis of monopile

The monopile, monopole, and tower are modeled using beam elements. The mesh of pile 
is refined with a 1-m length, and at the end of each element, three nonlinear springs (two 
horizontal and one vertical spring) are modeled to simulate the behavior of the soil for a 1-m 
layer. Two horizontal springs represent the lateral stiffness and the vertical springs represent 
the axial stiffness. The nonlinear properties for horizontal springs are governed by p-y curve 
(lateral load vs. deflection of the pile), vertical springs for all layers except bottom-most layer 
by t-z curves (skin frictional resistance vs. deflection along pile), and vertical spring for bot-
tom-most layer by Q-z curve (tip resistance vs. pile tip deflection). These curves are generated 
using API RP 2A–WSD, and the soil profiles considered are given in Table 5.

Monopile and jacket substructures with soil characteristics shown in Table 5 were analyzed 
for extreme environment loads as described in Sections 4.2.2 and 4.2.3. The deflected profiles 
are shown in Figure 9. The observed deflections are well below the allowable limit (i.e., 1.25 
times the tower height [33]).

4.2.5. Structural analysis of gravity-based foundation

The monopole and tower are modeled using the beam elements and analyzed for extreme 
conditions. The gravity-based foundation is modeled using a three-noded plate as shown 
in Figure 10, and rigid links are used to transfer the loads at the base of the monopole to the 
inner shaft of the gravity-based foundation. The gravity foundation mainly consists of five 
components: base plate, outer shaft, inner shaft, inclined shaft, and stiffeners (Figure 10). The 
base plate of the foundation is 20-m diameter, with two concentric shafts. The inner shaft has 
a radius of 3 m and 13-m height, which holds the monopole. The outer shaft has a radius of 
10 m and its height being 6 m. An inclined slab connects the top of the inner and the outer 
shaft. There are six stiffeners to connect the inner and outer shafts and to increase the stiff-
ness. The modeled structure is designed for bending moments in orthogonal directions, and 
the reinforcement is proved as per IS 456. The grades of concrete and steel for design are M40 
and Fe415, respectively. The configuration of foundation is also checked for stability against 
sliding and overturning and bearing with a factor of safety of 22, 31 and 3, respectively.

S. no. Depth (m) Description SPT value

1 3 Gray fine sand 12

2 10 Gray silty fine sand 34

3 12 Crushed pieces of rock 50 (for 6-cm penetration)

4 18 Fine silty sand 71

5 21 Silty fine sand 34

Table 5. Soil parameters considered for design.
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total force as a sum of inertia component due to the fluid acceleration and a drag compo-
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Mode no. Natural periods (s)

Gravity foundation Monopile Jacket

1 & 2 3.065 3.244 2.03

3 & 4 0.382 0.419 0.42

Table 4. Natural periods of various substructures.
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earthquake forces. The earthquake loads are then combined with operational environmental 
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times the tower height [33]).

4.2.5. Structural analysis of gravity-based foundation

The monopole and tower are modeled using the beam elements and analyzed for extreme 
conditions. The gravity-based foundation is modeled using a three-noded plate as shown 
in Figure 10, and rigid links are used to transfer the loads at the base of the monopole to the 
inner shaft of the gravity-based foundation. The gravity foundation mainly consists of five 
components: base plate, outer shaft, inner shaft, inclined shaft, and stiffeners (Figure 10). The 
base plate of the foundation is 20-m diameter, with two concentric shafts. The inner shaft has 
a radius of 3 m and 13-m height, which holds the monopole. The outer shaft has a radius of 
10 m and its height being 6 m. An inclined slab connects the top of the inner and the outer 
shaft. There are six stiffeners to connect the inner and outer shafts and to increase the stiff-
ness. The modeled structure is designed for bending moments in orthogonal directions, and 
the reinforcement is proved as per IS 456. The grades of concrete and steel for design are M40 
and Fe415, respectively. The configuration of foundation is also checked for stability against 
sliding and overturning and bearing with a factor of safety of 22, 31 and 3, respectively.

S. no. Depth (m) Description SPT value

1 3 Gray fine sand 12

2 10 Gray silty fine sand 34

3 12 Crushed pieces of rock 50 (for 6-cm penetration)

4 18 Fine silty sand 71
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5. Installation methodology

5.1. Monopile

The length of monopile is 30 m with diameters of 6 m and requires huge hydraulic hammers 
for driving the pile. These hammers are usually equipped on a floating barge or jack-up plat-
forms. Jack-up platforms are generally used under severe sea-state conditions and floating 
barges for relatively calm sea conditions. The jack-up platforms are associated with high rent-
als and less deck space than floating barges. In case of floating barges, the large deck space 
on the barge can reduce the time and costs needed for the transportation of monopiles and 
transition pieces by using the barge as a floating storage. Considering the low-wave climate 
along potential sites of Tamil Nadu, floating barge would be an ideal solution. However, these 

Figure 9. Deflected profiles for monopile and jacket structures.

Figure 10. FEM models gravity-based foundation.
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vessels (floating barges/specialized jack-up platforms) are not available in India and have to 
be hired from Europe or to be developed in India. Hence, the cost of mobilization and demo-
bilization will be high during the installation phase of offshore wind project.

The installation methodology for a monopile using specialized vessel is shown in Figure 11. 
The ship is loaded with four to five monopiles in the port and sailed to the wind farm. The 
monopile will be lowered through a guide with the help of a deck crane and driven using a 
hydraulic hammer. Once the monopile is driven to the required depth, the transition piece is 
installed over it. The gap between the monopile and the transition piece is grouted for appro-
priate transfer of loads and to adjust the alignment of platform. The main advantage of the 
monopile is easy and quick installation. On the other hand, its disadvantages include high cost 
due to unavailability in India and additional charges for mobilization and demobilization.

5.2. Gravity-based foundation

The installation methodology for gravity-based foundation is shown in Figure 12. The gravity-
based foundation is constructed on a steel platform nearby the fishing harbor. The monopole 
is then installed through the inner ring of the foundation. In the second stage, the landside 
edge of the platform is raised by hydraulic jacks. The gravity-based foundation is slid into the 
water. Due to buoyancy effects, the structure will float. The gravity-based foundation is then 
towed to the required position using a tug. Before lowering the foundation, the seabed has to 
be leveled using a gravel bed. The foundation is then positioned using tugs and then lowered 
by ballasting water into it. The hollow chambers inside the foundation are filled with plain 
cement concrete to increase the stability of the foundation.

Figure 11. Installation methodology of monopile.
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vessels (floating barges/specialized jack-up platforms) are not available in India and have to 
be hired from Europe or to be developed in India. Hence, the cost of mobilization and demo-
bilization will be high during the installation phase of offshore wind project.

The installation methodology for a monopile using specialized vessel is shown in Figure 11. 
The ship is loaded with four to five monopiles in the port and sailed to the wind farm. The 
monopile will be lowered through a guide with the help of a deck crane and driven using a 
hydraulic hammer. Once the monopile is driven to the required depth, the transition piece is 
installed over it. The gap between the monopile and the transition piece is grouted for appro-
priate transfer of loads and to adjust the alignment of platform. The main advantage of the 
monopile is easy and quick installation. On the other hand, its disadvantages include high cost 
due to unavailability in India and additional charges for mobilization and demobilization.

5.2. Gravity-based foundation

The installation methodology for gravity-based foundation is shown in Figure 12. The gravity-
based foundation is constructed on a steel platform nearby the fishing harbor. The monopole 
is then installed through the inner ring of the foundation. In the second stage, the landside 
edge of the platform is raised by hydraulic jacks. The gravity-based foundation is slid into the 
water. Due to buoyancy effects, the structure will float. The gravity-based foundation is then 
towed to the required position using a tug. Before lowering the foundation, the seabed has to 
be leveled using a gravel bed. The foundation is then positioned using tugs and then lowered 
by ballasting water into it. The hollow chambers inside the foundation are filled with plain 
cement concrete to increase the stability of the foundation.
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The static stability of the foundation is carried out, and the draft is estimated to be 4 m from the 
bottom. As the foundation needs to be towed for a long distance, it is essential to identify the 
natural frequencies and response amplitude operations (RAO). Natural frequencies and RAOs 
are computed for three translation modes and three rotation modes. It is observed that the 
natural frequency is far away from the encounter frequency of waves (5–10 s).

6. Summary and conclusions

Offshore wind being pollution-free would be an ideal solution to meet the increasing demand 
as Indian coast is blessed with significant winds. The Ministry of New and Renewable Energy 
(MNRE) has published the offshore wind policy for offshore wind development in India [23]. 
Offshore wind would be commercially viable, if potential sites are identified and economi-
cal substructure concepts along with installation methodology are developed considering 
local conditions. Hence, studies were taken up to identify potential sites, perform commercial 
viability studies, and design the optimum substructure configuration along with installation 
methodology.

Wind assessment studies based on secondary wind data like offshore satellite winds and 
onshore mast data by various organizations helped in identifying potential sites along the 
coast of Gujarat and Tamil Nadu. Commercial viability studies based on these data were car-
ried out and indicated the need for suitable incentives by the Government of India to attract 
huge investments for offshore wind industry. NIWE has attempted to capture the offshore 

Figure 12. Installation methodology of gravity foundation.
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wind parameters by installing an onshore mast in a narrow strip extending into the sea. 
LiDAR-based offshore wind data collection platforms are successfully commissioned in Gulf 
of Khambhat for MNRE-NIWE and Gulf of Kutch for M/S Suzlon with technical support from 
NIOT for recording the continuous wind data and validation.

Considering the bathymetry and geotechnical conditions along potential sites, three substruc-
ture concepts, monopile, gravity-based foundation, and jacket, were analyzed. A preliminary 
design based on aerodynamic loads on turbine, hydrodynamic loads on the structures, pile-
soil interaction, and floatation analysis for gravity-based structures is carried out to arrive at 
suitable substructure concepts for Gujarat and Tamil Nadu. Installation methodologies were 
developed for identified substructure concepts for Indian scenario and the infrastructure 
needs assessed. These studies will also assist in arriving at the cost for implementation of the 
offshore wind farm projects.

Acknowledgements

The authors wish to express their sincere thanks to Dr. Satheesh C. Shenoi, Director, NIOT, 
for his keen interest and encouragement. They also express their gratitude to the National 
Institute of Wind Energy and M/s Suzlon for their support in LiDAR project. The authors 
thankfully acknowledge the support extended by MoES in funding the project.

Author details

Satya Kiran Raju Alluri*, Devender Gujjula, Krishnaveni B, Dhinesh Ganapathi, 
S.V.S. Phanikumar, M.V. Ramanamurthy and M.A. Atmanand

*Address all correspondence to: raju@niot.res.in

National Institute of Ocean Technology, Chennai, Tamil Nadu, India

References

[1] European Wind Energy Association. The European Offshore Wind Industry-Key Trends 
and Statistics 2014; 2015

[2] Global Wind Energy Council. Global Wind Statistics 2014. Brussels, Belgium; 2014

[3] European Wind Energy Association. Wind Energy Scenarios for 2020. July 2014

[4] FOWIND. Offshore Wind Policy and Market Assessment. December 2014

[5] Energy Next. March 2013. [Online]. http://www.energynext.in/japan-to-increase-its-off- 
shore-wind-capacity-to-40-times-by-2020/

Offshore Wind Feasibility Study in India
http://dx.doi.org/10.5772/intechopen.74916

165



The static stability of the foundation is carried out, and the draft is estimated to be 4 m from the 
bottom. As the foundation needs to be towed for a long distance, it is essential to identify the 
natural frequencies and response amplitude operations (RAO). Natural frequencies and RAOs 
are computed for three translation modes and three rotation modes. It is observed that the 
natural frequency is far away from the encounter frequency of waves (5–10 s).

6. Summary and conclusions

Offshore wind being pollution-free would be an ideal solution to meet the increasing demand 
as Indian coast is blessed with significant winds. The Ministry of New and Renewable Energy 
(MNRE) has published the offshore wind policy for offshore wind development in India [23]. 
Offshore wind would be commercially viable, if potential sites are identified and economi-
cal substructure concepts along with installation methodology are developed considering 
local conditions. Hence, studies were taken up to identify potential sites, perform commercial 
viability studies, and design the optimum substructure configuration along with installation 
methodology.

Wind assessment studies based on secondary wind data like offshore satellite winds and 
onshore mast data by various organizations helped in identifying potential sites along the 
coast of Gujarat and Tamil Nadu. Commercial viability studies based on these data were car-
ried out and indicated the need for suitable incentives by the Government of India to attract 
huge investments for offshore wind industry. NIWE has attempted to capture the offshore 

Figure 12. Installation methodology of gravity foundation.

Stability Control and Reliable Performance of Wind Turbines164

wind parameters by installing an onshore mast in a narrow strip extending into the sea. 
LiDAR-based offshore wind data collection platforms are successfully commissioned in Gulf 
of Khambhat for MNRE-NIWE and Gulf of Kutch for M/S Suzlon with technical support from 
NIOT for recording the continuous wind data and validation.

Considering the bathymetry and geotechnical conditions along potential sites, three substruc-
ture concepts, monopile, gravity-based foundation, and jacket, were analyzed. A preliminary 
design based on aerodynamic loads on turbine, hydrodynamic loads on the structures, pile-
soil interaction, and floatation analysis for gravity-based structures is carried out to arrive at 
suitable substructure concepts for Gujarat and Tamil Nadu. Installation methodologies were 
developed for identified substructure concepts for Indian scenario and the infrastructure 
needs assessed. These studies will also assist in arriving at the cost for implementation of the 
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Acknowledgements

The authors wish to express their sincere thanks to Dr. Satheesh C. Shenoi, Director, NIOT, 
for his keen interest and encouragement. They also express their gratitude to the National 
Institute of Wind Energy and M/s Suzlon for their support in LiDAR project. The authors 
thankfully acknowledge the support extended by MoES in funding the project.

Author details

Satya Kiran Raju Alluri*, Devender Gujjula, Krishnaveni B, Dhinesh Ganapathi, 
S.V.S. Phanikumar, M.V. Ramanamurthy and M.A. Atmanand

*Address all correspondence to: raju@niot.res.in

National Institute of Ocean Technology, Chennai, Tamil Nadu, India

References

[1] European Wind Energy Association. The European Offshore Wind Industry-Key Trends 
and Statistics 2014; 2015

[2] Global Wind Energy Council. Global Wind Statistics 2014. Brussels, Belgium; 2014

[3] European Wind Energy Association. Wind Energy Scenarios for 2020. July 2014

[4] FOWIND. Offshore Wind Policy and Market Assessment. December 2014

[5] Energy Next. March 2013. [Online]. http://www.energynext.in/japan-to-increase-its-off- 
shore-wind-capacity-to-40-times-by-2020/

Offshore Wind Feasibility Study in India
http://dx.doi.org/10.5772/intechopen.74916

165



[6] London Array. 2013. [Online]. http://www.londonarray.com/wp-content/uploads/London- 
Array-Brochure.pdf

[7] A National Offshore Wind Strategy: Creating an Offshore Wind Energy Industry in the 
United States. U.S. Department of Energy’s (DOE); February, 2011

[8] Central Electricity Authority. Installed Capacity January 2015. [Online]. Available: http://
www.cea.nic.in/reports/monthly/inst_capacity/jan15.pdf. [Accessed: 01 February 2015]

[9] Central Electricity Authority. Load Generation Balance Report 14-15 [Online]. Available: 
http://www.cea.nic.in/reports/yearly/lgbr_report.pdf. [Accessed 01 July 2014]

[10] Indian Agricultural Statistics Research Institute. Agriculture Research Data Book—
2002 [Online]. Available: http://www.iasri.res.in/agridata/02data%5Cchapter%20
4%5Cdb2002tb4_5.htm [Accessed: 01 July 2014]

[11] CWET, Riso DTU. The Indian Wind Atlas. Chennai: Center for Wind Energy Technology; 
2010

[12] Harikumar R, Sabique L, Balakrishnan Nair TM, Shenoi SSC. Report on the assessment 
of wind energy potential along the Indian coast for offshore wind farm advisories. 
INCOIS Tech. Rep. INCOIS-MOG&ISG-TR-2011-07; 2011

[13] International Electrotechnical Commission. Wind turbines—Part 3: Design require-
ments for offshore wind turbines. No. IEC61400-3; 2009

[14] Kaiser MJ, Snyder B. Offshore Wind Energy Installation and Decommissioning Cost 
Estimation in the US Outer Continental Shelf. Louisiana: Energy Research Group LLC; 
2010

[15] Kaiser MJ, Snyder BF. Modeling offshore wind installation costs on the US outer conti-
nental shelf. Renewable Energy. 2013;50:676-691

[16] Uraz E. Offshore Wind Turbine Transportation & Installation Analyses Planning Optimal 
Marine Operations for Offshore Wind Projects; 2011

[17] Fingersh LJ, Hand MM, Laxson AS. Wind Turbine Design Cost and Scaling Model; 2006

[18] Greenacre P, Gross R, Heptonstall P. Great Expectations: The Cost of Offshore Wind in 
UK Waters. UK Energy Research; 2010

[19] Snyder B, Kaiser MJ. Ecological and economic cost-benefit analysis of offshore wind 
energy. Renewable Energy. 2009;34(6):1567-1578

[20] Zhang J et al. Response surface based cost model for onshore wind farms using extended 
radial basis functions. Proceedings of the ASME 2010 International Design Engineering 
Technical Conferences & Computers and Information in Engineering Conference, 
IDETC/CIE 2010-29121; 2010

[21] The European Wind Energy Association. The European Offshore Wind Industry—Key 
Trends and Statistics 2015; 2016

Stability Control and Reliable Performance of Wind Turbines166

[22] Wen Chen I et al. Design and analysis of jacket substructures for offshore wind turbines. 
Energies—Open Access Energy Research, Engineering and Policy Journal; 2016

[23] Wind Energy Division, Ministry of New and Renewable Energy. National Offshore 
Wind Energy Policy, No. 51/58(Cab.)/2011-WE; 2015

[24] Jonkman J et al. Definition of a 5 MW wind turbine for offshore system development. In: 
Technical Report of National Renewable Energy Laboratory, TP-500-38060; 2009

[25] International Electrotechnical Commission. Wind turbines: Design requirements for off-
shore wind turbines. IEC. 2009;61400(Part 3)

[26] Techet AH. Morrison’s Equation. Massachusetts Institute of Technology; 2004

[27] Schaffer HA, Second–order wavemaker theory for irregular waves. Ocean Engineering. 
1996;23(1):47-48

[28] Bryden IG, Couch SJ, Owen A, Melville G. Tidal current resource assessment. Proceedings 
of the Institution of Mechanical Engineers, Part A: Journal of Power and Energy;221(2): 
125-135

[29] Daxton O. Analysing the effect of earth quake on wing turbine [MS thesis]. Civil Engi-
neering, REYKJAVIK University; 2014

[30] Indian Standards. Criteria for earthquake resistant design of structures, general provi-
sions and buildings. IS 1893 (Part 1); 2002

[31] Der Kiureghian A, Nakamura Y. CQC modal combination rule for high frequency 
modes. Earthquake Engineering and Structural Dynamics. 1993;22:943-956

[32] Papageorgiou AV, Gantes CJ. Equivalent Uniform Damping Ratio for Irregular in Height 
Concrete/Steel Structural Systems. Eurosteel 2009; Austria; 2008

[33] Nicholson JC. Design of wind turbine tower and foundation systems: Optimization 
approach [Master’s thesis]. University of Iowa; 2011

Offshore Wind Feasibility Study in India
http://dx.doi.org/10.5772/intechopen.74916

167



[6] London Array. 2013. [Online]. http://www.londonarray.com/wp-content/uploads/London- 
Array-Brochure.pdf

[7] A National Offshore Wind Strategy: Creating an Offshore Wind Energy Industry in the 
United States. U.S. Department of Energy’s (DOE); February, 2011

[8] Central Electricity Authority. Installed Capacity January 2015. [Online]. Available: http://
www.cea.nic.in/reports/monthly/inst_capacity/jan15.pdf. [Accessed: 01 February 2015]

[9] Central Electricity Authority. Load Generation Balance Report 14-15 [Online]. Available: 
http://www.cea.nic.in/reports/yearly/lgbr_report.pdf. [Accessed 01 July 2014]

[10] Indian Agricultural Statistics Research Institute. Agriculture Research Data Book—
2002 [Online]. Available: http://www.iasri.res.in/agridata/02data%5Cchapter%20
4%5Cdb2002tb4_5.htm [Accessed: 01 July 2014]

[11] CWET, Riso DTU. The Indian Wind Atlas. Chennai: Center for Wind Energy Technology; 
2010

[12] Harikumar R, Sabique L, Balakrishnan Nair TM, Shenoi SSC. Report on the assessment 
of wind energy potential along the Indian coast for offshore wind farm advisories. 
INCOIS Tech. Rep. INCOIS-MOG&ISG-TR-2011-07; 2011

[13] International Electrotechnical Commission. Wind turbines—Part 3: Design require-
ments for offshore wind turbines. No. IEC61400-3; 2009

[14] Kaiser MJ, Snyder B. Offshore Wind Energy Installation and Decommissioning Cost 
Estimation in the US Outer Continental Shelf. Louisiana: Energy Research Group LLC; 
2010

[15] Kaiser MJ, Snyder BF. Modeling offshore wind installation costs on the US outer conti-
nental shelf. Renewable Energy. 2013;50:676-691

[16] Uraz E. Offshore Wind Turbine Transportation & Installation Analyses Planning Optimal 
Marine Operations for Offshore Wind Projects; 2011

[17] Fingersh LJ, Hand MM, Laxson AS. Wind Turbine Design Cost and Scaling Model; 2006

[18] Greenacre P, Gross R, Heptonstall P. Great Expectations: The Cost of Offshore Wind in 
UK Waters. UK Energy Research; 2010

[19] Snyder B, Kaiser MJ. Ecological and economic cost-benefit analysis of offshore wind 
energy. Renewable Energy. 2009;34(6):1567-1578

[20] Zhang J et al. Response surface based cost model for onshore wind farms using extended 
radial basis functions. Proceedings of the ASME 2010 International Design Engineering 
Technical Conferences & Computers and Information in Engineering Conference, 
IDETC/CIE 2010-29121; 2010

[21] The European Wind Energy Association. The European Offshore Wind Industry—Key 
Trends and Statistics 2015; 2016

Stability Control and Reliable Performance of Wind Turbines166

[22] Wen Chen I et al. Design and analysis of jacket substructures for offshore wind turbines. 
Energies—Open Access Energy Research, Engineering and Policy Journal; 2016

[23] Wind Energy Division, Ministry of New and Renewable Energy. National Offshore 
Wind Energy Policy, No. 51/58(Cab.)/2011-WE; 2015

[24] Jonkman J et al. Definition of a 5 MW wind turbine for offshore system development. In: 
Technical Report of National Renewable Energy Laboratory, TP-500-38060; 2009

[25] International Electrotechnical Commission. Wind turbines: Design requirements for off-
shore wind turbines. IEC. 2009;61400(Part 3)

[26] Techet AH. Morrison’s Equation. Massachusetts Institute of Technology; 2004

[27] Schaffer HA, Second–order wavemaker theory for irregular waves. Ocean Engineering. 
1996;23(1):47-48

[28] Bryden IG, Couch SJ, Owen A, Melville G. Tidal current resource assessment. Proceedings 
of the Institution of Mechanical Engineers, Part A: Journal of Power and Energy;221(2): 
125-135

[29] Daxton O. Analysing the effect of earth quake on wing turbine [MS thesis]. Civil Engi-
neering, REYKJAVIK University; 2014

[30] Indian Standards. Criteria for earthquake resistant design of structures, general provi-
sions and buildings. IS 1893 (Part 1); 2002

[31] Der Kiureghian A, Nakamura Y. CQC modal combination rule for high frequency 
modes. Earthquake Engineering and Structural Dynamics. 1993;22:943-956

[32] Papageorgiou AV, Gantes CJ. Equivalent Uniform Damping Ratio for Irregular in Height 
Concrete/Steel Structural Systems. Eurosteel 2009; Austria; 2008

[33] Nicholson JC. Design of wind turbine tower and foundation systems: Optimization 
approach [Master’s thesis]. University of Iowa; 2011

Offshore Wind Feasibility Study in India
http://dx.doi.org/10.5772/intechopen.74916

167



Chapter 9

Reliability Analysis of Wind Turbines

Caichao Zhu and Yao Li

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74859

Provisional chapter

DOI: 10.5772/intechopen.74859

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Reliability Analysis of Wind Turbines

Caichao Zhu and Yao Li

Additional information is available at the end of the chapter

Abstract

With the rapid development of wind power industry, the reliability of wind turbines 
has become a hotspot in wind power research. The failure modes and research prog-
ress of wind turbine reliability both at home and abroad are analyzed. The failure 
modes, failure causes and detection methods of some key components in the wind 
turbines are summarized. Also, the frequently used methods of reliability analysis 
and research status of wind turbine reliability are analyzed. Following this, research 
focuses, methods and measures to improve wind turbine reliability are presented. We 
also shed light on the condition monitoring and assessment process with condition 
monitoring system and supervisory control and data acquisition. It is of great signifi-
cance to reduce the cost of operation and maintenance and to improve the safety of 
wind turbines.

Keywords: wind turbines, failure modes, reliability analysis, condition monitoring, 
assessment

1. Introduction
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Figure 2. Development of wind power in China.

In recent years, wind power industry has been flourishing all over the world, and in some 
countries, the focus has been gradually shifted from land-based to offshore wind farms [4]. 
On a global basis, the size of the annual market grew 42% year-over-year in 2014 compared 
to a 20% fall in 2013 [3]. By the end of 2014, the cumulative installed capacity climbed to 372 
GW [5, 6], which is shown in Figure 1. Policy-driven accelerations play a very important 
role in market growth, especially in China, Germany and the United States. In these three 
countries, China is the world’s largest wind power market with 23.2 GW of new wind power 
installed in 2014. The development of wind power in China is shown in Figure 2. Figure 3 
shows the top 10 countries of newly installed capacity from January to December in 2014 [6]. 
The total installed capacity is up to 51,473 MW, and the share of China is 45.1%. With more 

Figure 1. The global wind power capacity.
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and more wind turbines being installed, lots of potential problems still need to be solved, such 
as fatigue, failures, condition monitoring, operation and maintenance, which are especially 
true in the current circumstances where the tower height, rotor diameter and overall turbine 
weights have almost quadrupled in size and capacity [7]. Hence, the reliability of wind tur-
bines is becoming more important now than ever before.

2. Developments and challenges

In the late 1970s, in response to the oil price increasing around that time, a number of govern-
ment programs were initiated with the objective of developing suitable wind turbines. To 
reduce the dependence on conventional electricity sources, the related countries carried out 
many programs and focused on the development of wind turbines, rating up to 4 MW and 
diameters up to 100 m. Some examples are included in Table 1. Furthermore, wind energy has 
witnessed rapid development in few decades, making it one of the fastest growing sources of 
electricity in the world today. But it is thought that wind energy is still immature these days. 
Due to technological advancements, policy initiatives and economic drivers, wind energy is 
now able to make a cost-competitive contribution to our growing energy needs. For example, 
over 240,000 commercial-sized wind turbines were operating in the world by 2014, producing 
4% of the world’s electricity [8, 9]. Wind power showed the potential for replacing natural gas 
in electricity generation on the cost basis. Technological innovations continue to drive new 
developments in the application of wind power. Until now, the cumulative installed capacity 
has been more than 400 GW.

With the growing number of the wind turbines, the industry still needs to face numerous 
challenges. A number of wind turbine components are prone to failure, and it is difficult and 
expensive to repair or replace them. For example, bearings, inverters and gearboxes raise the 
maintenance issues. Still, wind energy challenges still exist due to: (1) poor performance and 

Figure 3. Top 10 newly installed capacity Jan.–Dec. 2014.
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reliability and (2) rising costs driven by transportation, maintenance, and so on. To achieve 
a longer life of wind turbines and to reduce the cost of maintenance, the development of 
technologies for improving the reliability of wind turbines is an important consideration for 
future development, especially for offshore wind turbines. Hence, measures must be taken to 
improve the reliability of wind turbines.

3. Wind turbine failure modes

Nowadays, the development of wind turbines tends toward larger and heavier structures, 
which increases the failure frequency. In reality, the failure rates are also very different 
between onshore and offshore wind turbine systems for the same type. Figure 4 shows failure 
rates of wind turbine systems and components [10]. The results in Figure 4 show that some 
key components have higher failure rates than that of other components, and the same com-
ponents working offshore have much higher failure rates than those working onshore.

For a wind turbine transmission system, key components like the generator, gearbox and 
blades have the highest failure rates. The gearbox failures are mainly caused by gears and bear-
ings; the generator failures are mainly caused by bearings. Table 2 shows the failure modes, 
failure causes and detection methods of wind turbine key components and subassemblies.

3.1. Gearbox failure modes

Any key components fail in the gearbox, it may result in high cost of maintenance and high 
production loss and may take longer time to repair, especially for offshore wind turbines. The 

Location Name Rating 
(MW)

Diameter 
(m)

Blades Date Features

Canada Eole 3.6 64 2 1987 Vertical axis, direct drive

Denmark Tjaereborg 2 61 3 1988

Germany Growian 3 100 2 1981

Germany Monopteros 0.64 50 1 1989

Italy Gamma 60 1.5 60 2 1991 Variable speed, Power control 
by yaw

Netherlands Newecs 45 1 45 2 1985

Spain AWEC-60 1.2 60 3 1989 Variable speed

Sweden WTS-3 3 78 2 1982

UK LS1 3 60 2 1987 Partial span pitch control

USA WTS-4 4 78 2 1982 Similar to WTS3 (Sweden)

USA MOD-5B 3.2 99 2 1987 Variable speed

Table 1. Some of the early prototype machines, mostly funded by governments.
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regular failure modes of gearbox are bearing failures, gear fatigue, wear, fracture, insufficient 
lubrication, and so on. Figure 5 shows three common failure modes of gearbox, in which 
fatigue failures are the most common. The bolts connecting the front box, ring and middle box 
sometimes fail because of the strong and unbalanced axial forces acting on the bolts. The bolt 
failure is shown in Figure 6. The result in Figure 5 shows that the section is smooth, so the fail-
ure is caused by fatigue fracture. However, the experiments show that a relief notch, a proper 
taper of thread and a thread root radius can increase its carrying capacity and reliability.

3.2. Generator failure modes

The generator is one of the most key components with high failure rates since it connects to 
the high-speed shaft of the wind turbine gearbox with time-varying mechanical torques. Four 
failure root causes are: design issues, operations issues, maintenance practices and environ-
mental conditions. The failure rates of wind turbine generators have a close relationship with 
their power rating, working environment, and so on. Figure 7 shows failure rates of subas-
semblies of onshore and offshore wind turbine systems. Different failure causes may lead 
to different generator failure modes, including design issues, operation issues, maintenance 
and external environment, which is shown in Table 3. Figure 8 shows three common failure 
modes of the generator where the bearing failure is the most common.

3.3. Rotor blade failure modes

The rotor blades of wind turbine are driven by the wind energy and transform wind energy 
to mechanical energy. Because blades often suffer alternating stress and complex environ-
ments, they have high failure rates, with the main failure modes being fatigue, fracture, 
crack, wear, freezing and sensor failure. Figure 9 shows failure modes of the blades. Due to 

Figure 4. Failure rates for wind turbine subassemblies working onshore and offshore.
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Objects Function Failure mode Cause Detection method

Blades Capture wind Fracture, edge 
crack, stuck, motor 
failure, pitch 
bearing failure

Fatigue loads higher 
than anticipated, extreme 
loads, environment 
influences, imbalance

Excessive vibration 
sensed by rotor bearing 
accelerometer in hub; 
high stresses recorded by 
operating instrumentation

Main shaft Transmit large 
torque

Fracture Fatigue loads 
underestimated; 
operation of WTG at 
off-design conditions; 
material properties below 
specs

Low-speed sensor; bearing 
vibration sensor

Yaw system Enable the nacelle to 
rotate on the tower

Increased bearing 
friction

Cracked roller; galled 
surface; lack of 
lubrication

Yaw error signal

High-speed 
shaft

Stop and hold 
the shaft during 
shutdown and 
operation

Low or higher 
brake torque

Environment effect Tachometer

Gearbox Transmit torque 
with speed increase

Internal gear tooth 
failure

Fatigue loads 
underestimated; 
exceeding design load; 
improper material; loss of 
lubricating oil

Vibration sensor

Hub assembly Transmit torque 
from blades

Structure failure; 
bolt failure

Excessing design loads; 
excessive preload; stress 
corrosion

Rotor bearing 
accelerometer; periodic 
inspection for loose or 
missing bolts

Oil seals Retain oil in main 
bearing housing; 
exclude foreign 
matter

Cut or wear in lip Installation damage; 
wear

Low oil switch

Filters To extract and 
hold all particulate 
contaminants from 
hydraulic fluid

Case leakage Damage to case or seals Low oil; level switch

Generator Generate electric 
power

Overheat; fault; 
jammed bearing; 
bearing seizure; 
overspeed;

Overload; no excitation; 
environmental effects; 
misalignment; fatigue; 
mechanical failure; loss 
of drivetrain control

Protective relays; overspeed 
detection; testing

Lubrication Lubricate gearbox 
and rotor bearing

Loss of oil; 
overheating; oil 
under temperature

Pump failure; leakage; 
diverting valve failure; 
ambient temperature 
above or below design 
conditions; excessive 
friction losses; diverting 
valve failure

Oil flow switch; oil 
temperature sensor; air 
temperature

Table 2. Summary of failure modes of components.
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the high location of rotor blades, they are difficult to repair and maintain which leads to high 
cost. Hence, in order to produce high-reliability blades, it is important and meaningful to 
study the relationship among failure modes, reliability and internal/external loads.

Figure 5. Bearings failure: (a) bearing in gearbox; (b) and (c) failure appearance of bearing.

Figure 6. Bolt faults of wind turbine gearbox.

Figure 7. Failure rates of subassemblies of onshore and offshore.
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Figure 8. Generator failure: (a) bearing, (b) magnetic wedge loss and (c) contamination.

Figure 9. Failure modes of the blades. (a) Trailing edge crack; (b) leading edge failure and (c) blade fracture.

4. Wind turbine reliability analysis

The reliability definition is the probability that subassembly will meet its required function 
under a stated condition for a specified period of time. For an unrepairable system, the rat-
ing scale is reliability; for a repairable system, the rating scale is availability. Wind turbines 
consist of both unrepairable systems and repairable systems like gears, bearings, bolts and 
electronic components. So both reliability and availability should be considered to assess the 

Items Failure modes

Design issues (1) Electrical insulation inadequate; (2) loose components (wedges, banding); (3) 
crimped lead connections; (4) transient shaft voltages; (5) rotor lead failures and (6) 
complex structure

Operations issues (1) Improper installation; (2) voltage irregularities; (3) improper grounding; (4) 
overspeed conditions and (5) transient damage

Maintenance practices (1) ignoring alignment; (2) cooling system failures leading to heat related failure; (3) 
bearing failure and (4) rotor lead failures

Environmental condition (1) Wind leading; (2) thermal cycling; (3) moisture/arid; (4) contamination and (5) 
electrical storms

Table 3. Failure modes of the generator.
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wind turbines. Figure 10 shows the failure rates of different subassemblies and its downtime 
after failure. The results in Figure 10 show that the lower the subassembly’s reliability, the 
longer is the downtime of the corresponding subassembly.

The reliability of wind turbine system is becoming more and more important with the con-
tinued growth and expansion of markets for wind turbine technology. In addition, wind tur-
bines with reduced repair and maintenance (R&M) requirements and higher reliability are 
needed emergently. However, wind turbines produced by different companies have different 
reliability. There is no unified evaluation criterion. The current reliability analysis methods 
mainly focus on gear transmission systems of wind turbines and ignore the influences of 
other systems. The effects of the reliability model are limited if the system is simplified and 
seen as a series or parallel connection. Due to high costs of repair and maintenance, it is 
essential to study the health management systems of wind turbines and develop maintenance 
strategies in order to improve reliability and reduce unexpected repair and maintenance. The 
high-reliability systems can be achieved from three aspects, as shown in Figure 11.

4.1. Reliability analysis methods

There are two kinds of reliability analysis methods: statistical method based on database and 
stress-strength interference theory based on loads.

4.1.1. Statistical method based on database

The failure rates of wind turbines are time-varying during its lifetime, but the failure rates of 
repairable systems follow a bathtub curve. With a service life of around 20 years, wind turbine 
failure rates are assumed to follow the famous bathtub curve, as shown in Figure 12. Weibull 

Figure 10. Failure rates and downtime for different subassemblies (DFIG).
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Figure 12. Bathtub curve of failure rates for repairable system.

distribution, gamma distribution and lognormal distribution are three commonly used meth-
ods in wind turbine reliability analysis. A method with mixtures of Weibull distribution with 
increasing hazard rates is written as follows [11]:

  F (t)  = λ [1 − exp (−   (  
t −  t  0   ___  η  1    )    

 β  1  

 ) ]  +  (1 − λ)  [1 − exp (−   (  
t −  t  0   ___  η  2    )    

 β  2  

 ) ]   (1)

where t is time,  t > 0,  β  1   ·  β  2   > 1,  β  1   ·  β  2    are shape parameters,   β  1  ,  β  2    are scale parameters and  λ  
is the mixing parameter,   t  0   = 0,  η  1   = 10,  η  2   = 100,  β  1   = 5,  β  2   = 5 .

Figure 13 shows the fault probability density function. The results in Figure 13 show that there 
are two peaks which represent early failures and wear out failures, respectively, and the failure 

Figure 11. The requirements for developing the high-reliability systems.
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rates are obvious higher at these two peaks. When the weighting factor equals 0.1, 0.2 and 0.3,  
the differences just happen at the peaks. Therefore, a proper weighting factor should be selected 
to meet the failure rate changes of wind turbines in different working environments. Figure 14 
shows the change of failure rates over time. The results in Figure 14 show that a wind turbine 
is at running-in stage where its wear is large, and the failure rates are fluctuating and then 
stable. The failure rates of wind turbines will become higher and higher at the wear-out stage. 
Failure rate function curves with different weighting factors just show a difference at peak val-
ues, which has something to do with capacity and conditions. Figure 15 shows the reliability 
function diagram which has three phases. The reliability in Phase I decreases sharply because 
newly installed wind turbines need to adapt to the environment. The reliability in Phase II is 
stable. There is a sharp decline in Phase III, which represents that the wind turbine has entered 
into wear-out failures, and its failure rates are high. Above all, it can be found that the bathtub 
curve can simulate the failure rate change among its service life as well.

4.1.2. Stress-strength interference theory based on loads

Random loads and fatigue strength of wind turbine subassemblies follow a normal distribu-
tion. The probability density function of stress and strength is expressed by the following 
equations:

  f (S)  =   1 ____ 
 √ 

___
 2π    σ  s  

   exp (−   1 __ 2     (  
S −  u  s   ____  σ  s    )    

2

 )   (2)

  g (δ)  =   1 ____ 
 √ 

___
 2π    σ  δ  

   exp (−   1 __ 2     (  
δ −  u  δ   ____  σ  δ    )    

2

 )   (3)

where  S, δ  are stress and strength random variables, respectively;   σ  
s
  ,  σ  

δ
    are the standard devia-

tion of stress random variable and strength random variable, respectively; and   u  
s
  ,  u  

δ
    are the 

expectation of stress random variable and strength random variable, respectively.

Figure 16 is a common practice to represent stress-strength interference. The figure shows the 
probability density function of stress and strength and their interference (overlap) over time. 
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Figure 12. Bathtub curve of failure rates for repairable system.
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The interference is failure probability. The larger the area of the interference, the higher is the 
failure probability. Moreover, the interference area will become larger and larger over time in 
service life. The reliability of the system is:

  Reliability = 1 − Interference  (4)

A new random variable z can be introduced, which is defined by

  z = δ − S  (5)

Then, the random variable z also follows normal distribution, so the reliability of stress-
strength interference theory model is:
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Figure 14. Failure rate function.

Figure 15. Reliability function.
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The dynamic reliability of gears can be calculated by the reliability calculation equation with the 
mean and standard deviation of gear fatigue stress and fatigue strength. Figure 17 shows the 
reliability of high-speed stage gear. The figure shows that the reliability declines heavily before 
20,000 h.

4.2. Current gearbox reliability analysis

High-performance gearboxes with large transmission ratios are available, which have been 
used in many areas. However, wind turbine gearboxes have more challenging and a greater 

Figure 16. Graphical representation of stress-strength interference.

Figure 17. Reliability of high-speed stage gear.
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Figure 18. Flowchart of the condition monitoring and assessment process.

number of technical requirements, like high reliability, safety and up to 25 years of operating 
life. Due to its complex structure and variable conditions, gearboxes have been and still are a 
source of failure and so have been paid more attention in the industry. Nowadays, the capac-
ity of the multistage planetary wind turbines that are installed is up to the megawatt power 
classes. Hence, it is important to point out that the reliability of wind turbine gearboxes has 
great influences on wind turbines.

The current reliability research methods of the wind turbine gearbox include finite element 
method (FEM), lumped mass method (LMM), statistical methods based on database, experi-
ment method (EM), simulation with software, and so on. Statistical methods based on data-
base are most commonly used.

The researchers in national renewable energy laboratory (NREL) have done much milestone 
work. Generator and gearbox models have been produced in Matrix Laboratory (MATLAB) 
and NREL’s Fatigue, Aerodynamics, Structures and Turbulence (FAST) [12]. NREL proposed 
that it is essential to bring all the parties involved in the gearbox-design process together 
to achieve the common goal of improving the reliability and lifetime of gearboxes [13]. The 
effects of different constant rotor torque and moment conditions and intentional generator 
misalignment on gearbox motion and high-speed shaft loads are examined [14].

The condition monitoring and fault diagnosis based on condition monitoring system (CMS) 
and supervisory control and data acquisition (SCADA) are also popular in wind turbine indus-
try. The whole condition monitoring and assessment process within the system boundary 
include hard platform, condition monitoring and administrators of wind farms. Hard plat-
form for wind farms includes the wind turbines, meteorological stations and monitoring data 
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via CMS and SCADA. Condition monitoring can be divided into remote monitoring system 
(RMS) and field management information system (FMIS); where, the FMIS includes data port, 
field engineer, uninterruptible power system (UPS) and human-machine interaction (HMI), 
and the RMS includes remote replication and a data center. The boundaries of the condition 
monitoring and assessment process for the wind turbine gearboxes are shown in Figure 18.

The condition monitoring systems of the CMS and SCADA can reflect the real-time running 
status of the wind turbine gearbox. The framework of the indices and project layers for the 
assessment of the wind turbine gearbox are established based on the CMS and SCADA. The 
goal layer can be classified into five project layers, and simultaneously, each project layer 
consists of the monitoring indices. For example, the goal layer can be divided into main shaft 
bearing (MSB), planetary stage (PS), low-speed stage (LSS), intermediate-speed stage (IMS), 
high-speed stage (HSS) and external factors (EF). The monitoring objects mainly consist of the 
nacelle, main shaft, bearing, cooling system, lubrication system and other related variables. 
Figure 19 shows the location distribution of the sensors.

5. Conclusions

In order to solve reliability problems in wind power industry, scholars all over the world 
proposed many methods. But these reliability analysis methods mainly focus on gear trans-
mission systems of wind turbines and ignore the influences of other systems. The effects of 
the reliability analysis are limited if the system is simplified and seen as a series or parallel 
connection. Based on the abovementioned analysis and field research, some key conclusions 
are proposed:

Figure 19. The distributions of the sensors.
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(1) The reliability research based on the fatigue life.

The fatigue failure is the common failure modes of wind turbines. It needs to study the 
whole wind turbine fatigue life and reliability. With design parameters and the dynamic 
model, the failure correlation of key components is calculated. Following this, matrixes of 
loads and contact stresses can be calculated considering the operation environment of wind 
turbines. Finally, it is possible to produce the fatigue cumulative damage of key components.

(2) The gradual change mechanism and physical representation of component health status.

Combining loads and fault statistical data, the gradual change mechanism of health status 
needs to be studied with the function of key components and mechanism characteristics, 
and to seek the physical representation that is related to the component health status. This 
is helpful to develop the trend model and thresholds of the physical representation of fault 
status. Following the abovementioned method, it is possible to assess and pre-estimate the 
reliability of components and subassemblies.

(3) Reliability research based on the whole wind turbine’s dynamics.

Considering the influences of the random wind speed and waves, the dynamic model is 
established including components from blades to the foundation, by which the dynamic 
reliability of the wind turbine structure and drivetrain is studied. Following this, it is pos-
sible to evaluate the dynamic reliability of the whole wind turbine. However, the current 
reliability research ignored the influences of waves on the foundation and the tower, which 
would bring big errors to the reliability research. Therefore, it is essential and urgent to 
develop a set of the reliability engineering model and test method of wind turbines con-
sidering the influences of waves and the sea wind.

(4) Remote real-time assessment system of the wind turbine reliability based on the fusion 
data.

It is clear that most wind turbines have been installed both SCADA and CMS, but they 
are independent and cannot achieve the mutual support of test results. Therefore, it is 
meaningful to mix two sets of the test data based on SCADA and CMS. Following this, the 
feature data can be extracted and transferred to the data center by the Internet. When the 
feature data reach the data center, they can be used to calculate and assess the dynamic re-
liability of wind turbines through engineering models and hardware and software equip-
ment immediately, which will cut the operation and maintenance cost and improve the 
operating efficiency of wind turbines sharply.
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