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Preface

This book provides fundamental concepts of wind energy conversion
systems and discusses grid integration and stability issues, methods
of transient stability enhancement and minimization of fluctuations of
power, and frequency and voltage of wind generator systems. Recently,
electricity generation using wind power has received much attention all
over the world. Wind energy is a free, renewable resource, so no matter
how much is used today there will still be the same supply in the future.
Wind energy is also a source of clean, nonpolluting electricity. Unlike con-
ventional power plants, wind plants emit no air pollutants or greenhouse
gases.

Induction machines are mostly used as wind generators. However,
induction generators have stability problems similar to the transient sta-
bility of synchronous machines. During a fault in the power network,
rotor speed of the wind generator goes very high, active power output
goes very low, and terminal voltage goes low or collapses down. Usually
the wind generator is shut down during these emergency situations.
Recent tradition is not to shut down the wind generator during a network
fault but to keep it connected to the grid through appropriate control. This
clearly indicates that wind generator stabilization is necessary during net-
work faults. Again, even though there is no fault in the network, due to
random wind speed variations, output power, frequency, and terminal
voltage of wind generators fluctuate. However, consumers desire to have
constant voltage and frequency. Therefore, some control means are neces-
sary to minimize power, frequency, and voltage fluctuations. This book
discusses several means to enhance the transient stability of wind genera-
tor system and also explains the methodologies for minimizing fluctua-
tions of power, frequency, and voltage.

The book is organized as follows. Chapter 1 provides a general over-
view of wind energy and outlines the background, aim, and scope of
the book. Chapter 2 describes the fundamental concept of wind energy
conversion systems and modeling of wind turbines. Electric machines—
in particular induction machines and synchronous machines—are the
key to wind energy conversion systems. Therefore, the basic concepts of

xiii



xiv Preface

electrical machines are discussed in Chapter 3. With the variable-speed
wind generator system, the terminal of the generator is connected to the
grid through a power electronics interface. Also, to integrate the energy
storage system into the wind generator system, power electronics is neces-
sary. Thus, Chapter 4 deals with a brief overview and fundamental con-
cepts of power electronics devices. The types of wind generator systems
are discussed in Chapter 5.

Chapter 6 discusses the grid integration issues of wind generator sys-
tems. In particular, the transient stability issue, power quality problem,
fluctuations of power, frequency, and voltage of wind generator systems
during random wind speed variations are described. Chapter 7 analyzes
the solutions for power quality issues of wind generator systems, espe-
cially minimization of fluctuations of power, voltage, and frequency of
wind generators during random wind speed variations by energy stor-
age devices. Chapter 8 describes the various methods of transient sta-
bility enhancement of wind generator systems during network faults.
Simulation results are provided to demonstrate the effectiveness of the
stabilization methods. Comparisons among the stabilization methods are
made on the basis of performance, control structure, and cost. Chapter 9
deals with the fault-ride through capability and mitigation of power fluc-
tuations of variable-speed wind generator systems, especially for dou-
bly fed induction generator systems, wound-field synchronous generator
systems, and permanent magnet synchronous generator systems.

This book is intended to discuss various means of wind generator sta-
bilization and the means to minimize power, frequency, and voltage fluc-
tuations of wind generator systems. A comparison of stabilization tools is
also given; thus, it will help the researchers and engineers understand the
relative effectiveness of the stabilization methods and then select a suit-
able tool for wind generator stabilization. This book can also serve as a
good reference for wind generator systems for graduate as well as under-
graduate students. Through this book, these students will gain insight
into grid integration and stability issues and various methods of stabili-
zation of wind generator systems and can apply the knowledge they gain
from this book in their own research. Thus, it is hoped this book will be of
great interest and be very helpful for researchers, engineers, and students
who research wind energy systems.

The author cordially invites any constructive criticism of or comments
about the book.
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chapter 1

Ouverview

The terms wind energy and wind power describe the process by which
the wind is used to generate mechanical power or electricity. Wind tur-
bines convert the kinetic energy in the wind into mechanical power. This
mechanical power can be used for specific tasks (e.g., grinding grain or
pumping water), or a generator can convert this mechanical power into
electricity to power homes, businesses, schools, and the like. Recently, gen-
eration of electricity using wind power has received much attention all
over the world. This chapter provides an overview of wind energy systems.

1.1 Introduction

Wind energy is a free, renewable resource, so no matter how much is used
today there will still be the same supply in the future. Wind energy is
also a source of clean, nonpolluting electricity. Unlike conventional power
plants, wind plants emit no air pollutants or greenhouse gases. Currently,
extensive research on wind energy is going on in various countries of
the world, including the United States, Germany, Spain, Denmark, Japan,
South Korea, Canada, Australia, and India. There are several organiza-
tions for wind energy research in the world, like the Global Wind Energy
Council (GWEC), National Renewable Energy Laboratory (NREL), and
American Wind Energy Association (AWEA). According to a GWEC
report [1], about 12% of the world’s total electricity demand can be sup-
plied by the wind energy by 2020. This figure indicates the importance of
wind energy research these days.

1.2 Why Renewable Energy

Coal, oil, and gas, which are being used as fuels for conventional power
plants, are being depleted gradually, so exploration of alternative fuel
sources—that is, renewable energy sources for producing electricity—is
needed. There are various types of renewable energy sources, like solar
energy, wind energy, geothermal, and biomass. Renewable energy is the
use of nonconventional energy sources to generate electrical power and
fuel vehicles for today’s residential, commercial, institutional, and indus-
trial energy applications. This includes emergency power systems, trans-
portation systems, on-site electricity generation, uninterrupted power
supply, combined heat and power systems, off-grid power systems, elec-
trical peak-shaving systems, and many more innovative applications.



2 Wind Energy Systems: Solutions for Power Quality and Stabilization

Wind power has a great advantage over conventional fuels. Its opera-
tion does not produce harmful emissions or any hazardous waste. It does
not deplete natural resources in the way that fossil fuels do, nor does it
cause environmental damage through resource extraction, transport, and
waste management.

The generation of electricity by wind turbines is dependent on the
strength of the wind at any given moment. Wind farm sites are chosen
after careful analysis to determine the pattern of the wind—its relative
strength and direction at different times of the day and year. So wind
power is variable but not unpredictable.

1.3 Wind Energy

Wind power or wind energy is the process by which the wind is used to
generate mechanical power or electrical power and is one of the fastest-
growing forms of electrical power generation in the world. The power of
the wind has been used for at least 3,000 years. Until the twentieth cen-
tury, wind power was used to provide mechanical power to pump water
or to grind grain. At the beginning of modern industrialization, the use of
the fluctuating wind energy resource was substituted by fossil-fuel-fired
engines or the electrical grid, which provided a more consistent power
source. So the use of wind energy is divided into two parts: (1) mechanical
power generation; and (2) electrical power generation.

Wind is simple air in motion. It is caused by the uneven heating of
the earth’s surface by the sun. Since the earth’s surface is made of very
different types of land and water, it absorbs the sun’s heat at different
rates. During the day, the air above the land heats up more quickly than
the air over water. The warm air over the land expands and rises, and the
heavier, cooler air rushes in to take its place, creating winds. At night, the
winds are reversed because the air cools more rapidly over land than over
water. In the same way, the large atmospheric winds that circle the earth
are created because the land near the earth’s equator is heated more by the
sun than the land near the North and South Poles.

Today, wind energy is mainly used to generate electricity. Wind is
called a renewable energy source because the wind will blow as long as
the sun shines.

1.4 Advantages and Disadvantages
of Wind-Generated Electricity

1.4.1 A Renewable Nonpolluting Resource

Wind energy is a clean, reliable cost effective source of electricity.
Electricity generated from the wind does not contribute to global
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warming and acid rain. Compared to energy from nuclear power plants,
there is no risk of radioactive exposure from wind power.

1.4.2  Cost Issues

Even though the cost of wind power has decreased dramatically in the
past 10 years, the technology requires a higher initial investment than
fossil-fueled generators. Roughly 80% of the cost is the machinery, with
the balance being site preparation and installation. If wind-generating
systems are compared with fossil-fueled systems on a “life-cycle” cost
basis (counting fuel and operating expenses for the life of the generator),
however, wind costs are much more competitive with other generating
technologies because there is no fuel to purchase and minimal operating
expenses.

1.4.3 Environmental Concerns

Although wind power plants have relatively little impact on the environ-
ment compared with fossil fuel power plants, there is some concern over
the noise produced by the rotor blades, aesthetic (visual) impact, and the
death of birds and bats caused from flying into the rotors. Most of these
problems have been resolved or greatly reduced through technological
development or by properly siting wind plants.

1.4.4  Supply and Transport Issues

The major challenge to using wind as a source of power is that it is inter-
mittent and does not always blow when electricity is needed. Wind
cannot be stored (although wind-generated electricity can be stored if bat-
teries are used), and not all winds can be harnessed to meet the timing of
electricity demands. Further, good wind sites are often located in remote
locations far from areas of electric power demand (such as cities). Finally,
wind resource development may compete with other uses for the land,
and those alternative uses may be more highly valued than electricity
generation. However, wind turbines can be located on land that is also
used for grazing or even farming.

1.5 Worldwide Status of Wind Energy

The following provides an overview of the worldwide status of wind
energy based on the GWEC report [1].
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1.5.1 Europe

Wind is the fastest growing power technology in Europe. Although
Europe was home to only one-third of the world’s new installed capac-
ity in 2008, the European market continues its steady growth, and wind
power is now the fastest growing power generation technology in the
European Union. Indeed, 43% of all new energy installations in 2008 was
wind power, well ahead of gas (35%) and oil (13%).

Overall, almost 8.9 GW of new wind turbines brought European wind
power generation capacity up to nearly 66 GW. There is now clear diver-
sification of the European market, relying less and less on the traditional
wind markets of Germany, Spain, and Denmark. The year 2008 saw a
much more balanced expansion, with a “second wave” led by Italy, France,
and the United Kingdom. Of the EU’s 27 member states, 10 now have more
than 1 GW of wind power capacity.

In 2008 the European wind turbine market was worth €11 billion. The
entire wind fleet will produce 142 TWh of electricity, or about 4.2% of EU
demand, in an average wind year. This will save about 100 m tons of CO2
each year.

1.5.2  Germany

Though at the global level Germany has been surpassed by the United
States, it continues to be Europe’s leading market, in terms of both new
and total installed capacity. Over 1.6 GW of new capacity was installed
in 2008, bringing the total up to nearly 24 GW. Wind energy is continu-
ing to play an important role in Germany’s energy mix. In 2008, 40.4
TWh of wind power was generated, representing 7.5% of the country’s
net electricity consumption. In economic terms, too, wind power has
become a serious player in Germany, and the sector now employs close
to 100,000 people.

1.5.3  Spain

Spain is Europe’s second largest market and has seen growth in line
with previous years (with the exception of 2007, when regulatory change
brought about a higher than usual amount of new wind capacity). In 2008,
1.6 GW of new generating equipment was added to the Spanish wind
fleet, bringing the total up to 16.7 GW. This development confirms Spain
as a steadily growing market, which at this rate is likely to reach the gov-
ernment’s 2010 target of 20 GW of installed wind capacity.

In 2008, wind energy generated more than 31,000 GWh, covering
more than 11% of the country’s electricity demand.
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1.5.4 Italy

One noteworthy newcomer among the growing European markets in
2008 was Italy, which experienced a significant leap in wind power capac-
ity. Over 1,000 MW of new wind turbines came online in 2008, bringing
the total installed capacity up to 3.7 GW.

1.5.5 France

France is also continuing to see strong growth, after progressing steadily
in recent years. In 2000, France had only 30 MW of wind-generating capac-
ity, mostly small wind turbines in the French overseas territories. At the
end of 2008, the total installed capacity stood at 3.4 GW, representing an
annual growth rate of 38%.

Wind power is now France’s fastest growing energy source; in 2008,
around 60% of all new power generation capacity in France was wind
energy. The biggest potential in the coming years is estimated to be in
the north and the northeast of the country. Out of 4,000 MW of approved
wind power projects, more than 700 MW are in the region Champagne-
Ardennes and 500 MW in Picardy.

1.5.6  United Kingdom

Despite being host to some of the best wind resources in Europe, the
United Kingdom’s wind energy market has taken a long time to start real-
izing this potential. For the first time, in 2009 the UK wind energy sector
delivered more than 1,000 MW of new wind power capacity in 1 year,
spread over 39 wind farms. From January to December 2009 a total of
1,077 MW of capacity was installed on and offshore, taking the United
Kingdom’s installed total to 4,051 MW.

1.5.7  European Union

The European Union continues to be the world’s leader in total installed
wind energy capacity and one of the strongest regions for new develop-
ment, with over 10 GW of new installed capacity in 2009. Industry statis-
tics compiled by the European Wind Energy Association (EWEA) show
that cumulative EU wind capacity increased by 15% to reach a level of
74,767 MW, up from 64,719 MW at the end of 2008.

In the European Union, wind power is by far the most popular
electricity-generating technology. For the second year running, wind
energy had the largest market share: Of almost 26 GW installed in the
European Union in 2009, wind power accounted for 39%. All renewable
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technologies combined accounted for 61% of new power-generating
capacity. Since 2000, installed wind capacity has increased from 9.7 GW
to 75 GW.

By the end of the year, a total of more than 190,000 people were
employed in the wind energy sector, and investments in wind farms
amounted to about €13 billion in the European Union during 2009. The
wind power capacity installed by the end of 2009 will, in a normal wind
year, produce 162.5 TWh of electricity, equal to 4.8% of the European
Union’s electricity demand. Spain and Germany remain the two largest
annual markets for wind power, competing each year for the top spot
(2,459 MW and 1917 MW, respectively, in 2009), followed by Italy (1,114
MW), France (1,088 MW), and the United Kingdom (1,077 MW). A total
of 11 EU member states—over one-third of all EU countries—now each
has more than 1,000 MW of installed wind energy capacity. Austria and
Greece are just below the 1,000 MW mark.

Offshore wind is setting itself up to become a mainstream energy
source in its own right. In 2009, 582 MW of offshore wind was installed in
the European Union, up 56% from the previous year. Cumulative capac-
ity increased to 2,063 MW. The main markets were the United Kingdom
and Denmark. For 2011, it is expected that a further 1,000 MW of offshore
wind will be installed in Europe. This would represent around 10% of the
2010 market.

1.5.8 North America
1.5.8.1 United States

In 2008 the United States was the number one market in terms of both
new capacity and total wind generation capacity, and it broke all previous
records with new installations of 8.5 GW, reaching a total installed capac-
ity of over 25 GW. The massive growth in the U.S. wind market in 2008
doubled the country’s total wind-power-generating capacity. The new
wind projects completed in 2008 accounted for about 42% of the entire
new power producing capacity added in the United States in 2007 and
created 35,000 new jobs, bringing the total employed in the sector up to
85,000.

1.5.8.2 Canada

Canada in 2008 surpassed the 2 GW mark for installed wind energy
capacity, ending the year with 2.4 GW. Canada’s wind farms now produce
enough power to meet almost 1% of Canada’s total electricity demand.
The year 2008 was Canada’s second best ever for new wind energy
installations, with 10 new wind farms coming online, representing 526
MW of installed wind energy capacity. Included in this total were the
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first wind farms in the provinces of New Brunswick, Newfoundland,
and Labrador. In British Columbia, the only Canadian province without
a wind farm, construction began on the first wind farm, with completion
expected in early 2009.

1.5.9 Asia

The growth in Asian markets has been breathtaking, and nearly a third
of the 27 GW of new wind energy capacity added globally in 2008 was
installed in Asia.

1.5.91 China

China continued its spectacular growth in 2008, once again doubling its
installed capacity by adding about 6.3 GW, to reach a total of 12.2 GW. The
prospects for future growth in the Chinese market are very good. In
response to the financial crisis, the Chinese government has identified the
development of wind energy as one of the key economic growth areas,
and in 2009 new installed capacity is expected to nearly double again. At
this rate, China is on its way to overtaking Germany and Spain to reach
second place in terms of total wind power capacity in 2011. This means
that China would have met its 2020 target of 30 GW 10 years ahead of time.

The growing wind power market in China has also encouraged
domestic production of wind turbines and components, and the Chinese
manufacturing industry is becoming increasingly mature, stretching over
the whole supply chain. According to the Chinese Renewable Energy
Industry Association (CREIA), the supply is starting to not only satisfy
domestic demand but also meet international needs.

1.5.9.2 India
India is continuing its steady growth, with 1,800 MW of wind energy
capacity added in 2008, bringing the total up to 9.6 GW. The leading wind
producing state in India is Tamil Nadu, which hosts over 4 GW of installed
capacity, followed by Maharashtra with 1.8 GW and Gujarat with 1.4 GW.

1.5.9.3 Japan
Japan’s wind energy industry has surged forward in recent years.
Development has also been encouraged by the introduction of market
incentives, both in terms of the price paid for the output from renewable
plants and in the form of capital grants towards clean energy projects.
Power purchase agreements for renewables also have a relatively long life
span of 15 to 17 years, which helps to encourage investor confidence. The
result has been an increase in Japan’s installed capacity from 136 MW at
the end of 2000 to 1,880 MW at the end of 2008. In 2008, 346 MW of new
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wind capacity was added in Japan. Other Asian countries with new capac-
ity additions in 2008 include Taiwan (81 MW for a total of 358 MW) and
South Korea (43 MW for a total of 236 MW).

1.5.10  Pacific

1.510.1 Australia
After several years of stagnation in Australia’s wind market, the speed of
development picked up again in 2008, with 482 MW of new installations,
a 58% leap in terms of total installed capacity. Australia is now home to
50 wind farms, with a total capacity of 1.3 GW. Seven additional proj-
ects totaling 613 MW are currently under construction and expected to
become operational in 2009.

1.510.2 New Zealand
New Zealand’s installed capacity grew by only 3.5 MW in 2008 to reach 325
MW. However, this does not adequately reflect the wind industry’s activ-
ity over the year, and a further 187 MW is currently under construction.

1.5.11 Latin America

The Latin American market, despite the tremendous wind resources in
the region, saw only slow growth in 2008.

1.511.1 Brazil

The only country installing substantial new capacity is Brazil, which
added 94 MW of wind energy across five wind farms, mostly located in
Ceard in the northeast of the country. Brazil’s Programme of Incentives
for Alternative Electricity Sources (PROINFA) was initially passed in 2002
to stimulate the addition of over 1,400 MW of wind energy capacity and
other renewable sources. The first stage was supposed to finish in 2008,
but it has now been extended.

Mexico offers significant wind energy potential with conditions that
are considered among the best in Latin America, especially in the area of
La Ventosa, Oaxaca (7,000 MW), with average capacity factors above 40%.
In addition, other sites in several states also offer good wind power poten-
tial, in particular La Rumorosa in Baja California and sites in Tamaulipas,
Yucatan, Veracruz, Zacatecas, Hidalgo, and Sinaloa, Mexico. The Ministry
of Energy (SENER) has estimated that a total of 40,000 MW of wind energy
potential could be developed in Mexico.

Despite this significant potential, wind development in Mexico has
been slow, mainly due to inadequate financial incentives, issues with the
existing regulatory framework, and a lack of policies to encourage use
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of wind energy. However, in 2009, new laws and regulations were intro-
duced to boost renewable energy development, and more than 560 MW of
wind projects are currently under construction.

1.5.11.2 Mexican Power Generation System

Mexico has around 50 GW of total installed electricity generation capacity,
including 11,457 MW from independent power producers (IPP) and about
7900 MW of self-generation and cogeneration capacity. During the last
years, the generation mix in Mexico changed significantly, moving away
from fuel-oil generation plants to natural-gas-based ones. Traditionally,
large hydroelectric and geothermal energy have been Mexico’s most
widely used renewable sources. Other renewable energy sources, such as
wind power, photovoltaic (PV), small hydro, biomass, and biofuels have
experienced only slow growth to date.

1.5.12  Africa and Middle East
1.5.12.1 130 MW Installed in Africa and Middle East

In North Africa, the expansion of wind power continues in Egypt, Morocco,
and Tunisia, with 55 MW, 10 MW, and 34 MW of new capacity installed,
respectively. In the Middle East, Iran installed 17 MW of new capacity.
The total installed wind energy capacity in Africa and the Middle East
now stands at 669 MW.

Figures 1.1, 1.2, 1.3, and 14 show the global cumulative installed
wind capacity since 1996 to 2010, the total installed capacity in 2008, top
10 cumulative capacity in December 2010, and annual market forecast by
region in 2010-2015, respectively [1].

1.6 Aim and Scope of the Book

This book aims to provide basic concepts of wind energy conversion
system. Various means to enhance transient stability and to minimize
power, frequency, and voltage fluctuations of wind generator systems
are discussed. Comparison is made among the stabilization tools to help
researchers and engineers understand their relative effectiveness and then
to select the best one. Graduate as well as undergraduate students can use
this book as a good reference for wind generator systems and can gain
insight into grid integration and stability issues and various methods of
stabilization of wind generator systems. They can then apply the knowl-
edge they gain from this book in their own research. Thus, it is hoped
that this book would be of high interest and very helpful for researchers,
engineers, and students intending to perform research in wind energy
systems.
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Figure 1.1 (See color insert.) Cumulative installed capacity, 1996-2010.
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chapter 2

Wind Energy Conversion System

2.1 Introduction

Among renewable energy sources, wind energy generation has been noted
as the most rapidly growing technology because it is one of the most cost-
effective and environmental friendly means to generate electricity from
renewable sources. Wind energy conversion systems convert the kinetic
energy of the wind into electricity or other forms of energy. Wind power
generation has experienced a tremendous growth in the past decade and
has been recognized as an environmentally friendly and economically
competitive means of electric power generation. This chapter describes
the basics of the wind energy conversion system, its fundamental concept,
basic components of a wind energy system, and system modeling and
types of wind turbines.

2.2 Fundamental Concept

Every wind energy system transforms the kinetic energy of the wind
into mechanical or electrical energy. There are huge variations in size,
but all wind turbines—from the smallest to the largest—work in the
same way. The overall configuration is identical. Each system consists
of a rotor (blades) that converts the wind’s energy into rotational shaft
energy, a nacelle (enclosure) containing a drive train, and a generator [1].
The energy that moves the wind (kinetic energy) moves the blades. This
energy in turn moves the drive train (mechanical energy). This energy is
then turned into electricity (electrical energy) in the generators and then
stored in batteries or transferred to home power grids or utility compa-
nies for use in the usual way. Figure 2.1 shows a brief flow diagram of the
wind energy conversion system.

2.3 Wind Energy Technology

The first commercial wind turbines were deployed in the 1980s, and
since then their installed capacity, efficiency, and visual design have all
improved enormously [2]. Although many different pathways toward the
ideal turbine design have been explored, significant consolidation has
taken place over the past decade. The vast majority of commercial tur-
bines now operate on a horizontal axis with three evenly spaced blades.
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Available wind === Turbine ===% Mechanical === Electrical
Energy power power

Figure 2.1 Brief flow diagram of wind energy conversion system.

These are attached to a rotor from which power is transferred through a
gearbox to a generator. The gearbox and generator are contained within a
housing called a nacelle. Some turbine designs avoid a gearbox by using
direct drive. The electricity is then transmitted down the tower to a trans-
former and eventually into the grid network.

Wind turbines can operate across a wide range of wind speeds—
from 3 to 4 m/s up to about 25 m/s, which translates into 90 km/h
(56 mph), which is the equivalent of gale force 9 or 10. The majority of
current turbine models make best use of the constant variations in the
wind by changing the angle of the blades through pitch control, which
occurs by turning or yawing the entire rotor as wind direction shifts
and by operating at variable speed. Operation at variable speed enables
the turbine to adapt to varying wind speeds and increases its ability
to harmonize with the operation of the electricity grid. Sophisticated
control systems enable fine-tuning of the turbine’s performance and
electricity output.

Modern wind technology is able to operate effectively at a wide range
of sites—with low and high wind speeds—in the desert, and in freez-
ing arctic climates. Clusters of turbines collected into wind farms operate
with high availability, are generally well integrated with the environment,
and are accepted by the public. Using lightweight materials to reduce their
bulk, modern turbine designs are sleek, streamlined, and elegant.

The main design drivers for current wind technology are reliabil-
ity, grid compatibility, acoustic performance (noise reduction), maximum
efficiency and aerodynamic performance, high productivity for low wind
speeds, and offshore expansion. Wind turbines have also grown larger
and taller. The generators in the largest modern turbines are 100 times
the size of those in 1980. Over the same period, their rotor diameters have
increased eightfold. The average capacity of turbines installed around the
world during 2007 was 1,492 kW, whereas the largest turbine currently in
operation is the Enercon E126, with a rotor diameter of 126 meters and a
power capacity of 6 MW.

The main driver for larger capacity machines has been the offshore
market, where placing turbines on the seabed demands the optimum use
of each foundation. Fixing large foundations in the seabed, collecting the
electricity, and transmitting it to the shore all increase the costs of off-
shore development over those on land. Although the offshore wind farms
installed so far have used turbines in the capacity range up to 3.6 MW,
a range of designs of 5 MW and above are now being deployed and are
expected to become the standard in the coming years.
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For turbines used on land, however, the past few years have seen a
leveling of turbine size in the 1.5 to 3 MW range. This has enabled series
production of many thousands of turbines of the same design, enabling
teething problems to be ironed out and increasing reliability.

Ongoing innovations in turbine design include the use of different
combinations of composite materials to manufacture blades, especially to
ensure that their weight is kept to a minimum, variations in the drive
train system to reduce loads and increase reliability, and improved con-
trol systems, partly to ensure better compatibility with the grid network.

2.4 Basic Components of a Wind Turbine System

Typical wind turbines involve a set of rotor blades (usually three) rotating
around a hub. The hub is connected to a gearbox and a generator, located
inside the nacelle, which houses the electrical components. The basic com-
ponents of a wind turbine system are shown in Figure 2.2 and outlined
as follows:

Gearbox Generator

Blade

j > Yaw drive

= /Mﬁ\
Wind Hub

Nacelle

| Tower

Transformer Control

Foundation
High voltage cable

Figure 2.2 Major turbine components.
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The nacelle: Sits on top of the tower and contains the electrical compo-
nents—the gearbox, the brake, the wind speed and director monitor,
the yaw mechanism, and the generator.

Rotor blades: The diameter of the blades is a crucial element in the
turbine power; typically, the longer they are, the greater the output.
But their design and the materials incorporated by them are also
key elements. Blades are often made of fiberglass reinforced with
polyester or wood epoxy. Vacuum resin infusion is a new material
connected to a technology presented by manufacturers like Suzlon.
Typically blades rotate at 10-30 revolutions per minute, either at a
constant speed (the more traditional solution) or at a variable speed.

Gearboxes and direct drives: Most wind turbines use gearboxes,
whose function is to increase the rotational speed required by gen-
erators. Some new technologies are exploring direct drives genera-
tors to dispense with the expensive gears.

Brake: A disk used to stop the rotor blades in emergencies and to ensure
the safety of the turbine in case of very high damaging winds or
other exceptional situations.

Controller: A set of electrical components that controls the starting,
the stopping, and the turbine rotor blade speed. Typically, in the
constant wind speed model the controller starts up the turbine at
wind speeds around 8 to 14 miles per hour and stops the machine at
around 55 miles per hour (to avoid the damage caused by turbulent
high winds).

Generator: The device responsible for the production of 60-cycle alter-
nating current (AC) electricity.

The yaw mechanism of wind power generators: In more typical wind
turbines, the yaw mechanism is connected to sensors (e.g., anemom-
eters) that monitor wind direction, turning the tower head and lin-
ing up the blades with the wind.

Tower: Supports the nacelle and rotor. The electricity produced by the
generator comes down cables inside the tower and passes through a
transformer into the electricity network.

Base: Large turbines are built on a concrete base foundation. When a
wind turbine ceases production, it is a simple task to dig these out or
cover them, leaving little trace behind.

2.5 Types of Wind Turbines
2.5.1 Wind Turbines Based on Axes

There are two main types of wind turbine based on axes: vertical axis
wind turbine (VAWT); and horizontal axis wind turbine (HAWT).
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Figure 2.3 (See color insert.) Vertical axis wind turbine.

2.5.1.1  Vertical Axis Wind Turbines
In the VAWT the generator shaft is positioned vertically with the blades
pointing up with the generator mounted on the ground or a short tower.
Figure 2.3 shows a conventional vertical axis wind turbine. There are two
basic types of airfoils (blades): lift and drag:

1. Drag-type VAWT: In drag-type, the blades are generally a flat plate
that the wind hits and causes to rotate. This type of design is great
for very low-wind areas and will develop a lot of torque to perform
an operation. However, in medium to higher winds, their capabili-
ties to produce energy are limited.
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2. Lift-type VAWT: The lifting style airfoil is seen in most modern

wind turbines. A properly designed airfoil is capable of converting
significantly more power in medium and higher winds. Actually,
with this design, the fewer number of blades, the more efficient this
design can be. Each blade sees maximum lift (torque) only twice
per revolution, making for a huge torque and sinusoidal power
output. Two European companies actually produced a one-bladed
machine, but it is not commercially used because of dynamic bal-
ance issues.

The basic theoretical advantages of a vertical axis wind turbine are

as follows:

1. The generator, gearbox, and so forth may be placed on the ground,

and a tower may not be needed for the machine.

2. A yaw mechanism is not needed to turn the rotor against the wind.

The basic disadvantages are as follows:

1. Wind speeds are very low close to ground level, so although a tower

may be saved wind speeds will be very low on the lower part of the
rotor.

2. The overall efficiency of the vertical axis turbines is not impressive.

2.5.1.2  Horizontal Axis Wind Turbines

An HAWT rotates around a horizontal axis and has the main rotor shaft
and electrical generator mounted at the top of a tower. Figure 2.4 shows
a conventional horizontal axis wind turbine. There are two types of
HAWT:

1. Horizontal upwind: The generator shaft is positioned horizontally,

and the wind hits the blade before the tower. Turbine blades are
made stiff to prevent the blades from being pushed into the tower by
high winds, and the blades are placed at a considerable distance in
front of the tower and are sometimes tilted up a small amount.

. Horizontal downwind: The generator shaft is positioned hori-
zontally, and the wind hits the tower first and then the blade.
Horizontal downwind doesn’t need an additional mechanism for
keeping it in line with the wind, and in high winds the blades can
be allowed to bend, which reduces their swept area and thus their
wind resistance. Horizontal downwind turbine is also free of tur-
bulence problems.
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Figure 2.4 (See color insert.) Horizontal axis wind turbine.

2.5.2  Wind Turbine Power Scales

According to the size of the wind turbine and the annual mean wind
speed, there are three types of wind turbines [1]:

1. Small-scale wind turbines: Their power range is 0.025 kW to 10 kW.
Annual mean wind speed range of 2.5 to 4.0 m/s is needed for this
type of wind turbine.

2. Medium-scale wind turbines: Need 4.0 to 5.0 m/s annual wind
speed to produce power. Output power range is 10 kW to 100 kW.
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3. Large-scale wind turbines: Annual mean wind speed needed is
more than 5 m/s, and output power is greater than 100 kW. They are
usually connected to grids.

2.5.3  Wind Turbine Installation Location

Depending on installation locations, there are two types of wind tur-
bines: the onshore wind farm and the offshore wind farm, as shown
in Figures 2.5 and 2.6, respectively. There are several advantages of the
offshore turbines: (1) higher and more constant wind speeds; and, con-
sequently, (2) higher efficiencies. Onshore wind farms are often subject
to restrictions and objections: objections based on their negative visual
impact or noise; restrictions associated with obstructions (e.g., buildings,
mountains), land-use disputes, or limited availability of lands. However,
onshore wind systems may also have some advantages over offshore
wind farms:

Cheaper foundations

Cheaper integration with the electrical-grid network

Cheaper installation and access during the construction phase
Cheaper and easier access for operation and maintenance

Figure 2.5 (See color insert.) Onshore wind farm.
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Figure 2.6 (See color insert.) Offshore wind turbine.

2.6 Modeling of Wind Turbines
2.6.1  Power Output from an Ideal Turbine

Wind energy is the kinetic energy of the moving air mass. A wind tur-
bine converts the kinetic energy of moving air into mechanical motion
that can be either used directly to run the machine or to run the generator
to produce electricity.

The kinetic energy, U, in a parcel of air of mass, m, flowing at speed,
v, in the x direction is

u-= %mv2 = %(pr)v2 Joules (2.
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Figure 2.7 Packet of air moving with speed, v.

where A is the cross sectional area in m?, p is the air density [kg/m?], x is
the thickness of the parcel in m. If we visualize the parcel as in Figure 2.7
with side x moving with speed u and the opposite side fixed at the origin,
we see the kinetic energy increasing uniformly with x, because the mass
is increasing uniformly.

The power in the wind, Pw, is the time derivative of the kinetic energy

pAV* = —pAv> W 2.2)

This can be viewed as the power being supplied at the origin to cause
the energy of the parcel to increase according to equation (2.1). A wind
turbine will extract power from side x with equation (2.2) representing the
total power available at this surface for possible extraction.

The physical presence of a wind turbine in a large moving air mass
modifies the local air speed and pressure as shown in Figure 2.8. The pic-
ture is drawn for a conventional horizontal axis propeller type turbine.

Let us consider a tube of moving air with initial or undisturbed diam-
eter, d1, speed, 11, and pressure, pl, as it approaches the turbine. The speed
of the air decreases as the turbine is approached, causing the tube of air
to enlarge to the turbine diameter, 42. The air pressure will rise to a maxi-
mum just in front of the turbine and will drop below atmospheric pres-
sure behind the turbine. Part of the kinetic energy in the air is converted
to potential energy to produce this increase in pressure. Still more kinetic
energy will be converted to potential energy after the turbine to raise the
air pressure back to atmosphere. This causes the wind speed to continue
to decrease until the pressure is in equilibrium. Once the low point of
wind speed is reached, the speed of the tube of air will increase back to 14
= ul as it receives kinetic energy from the surrounding air.
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Figure 2.8 Circular tube of air flowing through ideal wind turbine.

It can be shown that under optimum conditions, when maximum
power is being transferred from the tube of air to the turbine, the follow-
ing relationship holds:

2
’02=v3=§’01

1
Uy=—0
s (2.3)
3
A2=A3=EA1
A4=3A1

The mechanical power extracted is then the difference between the
input and output power in the wind:

1 1 8
Puia = Pi=Pi=p(Ani-Awl)=p JAwd W @4

This states that 8/9 of the power in the original tube of air is extracted
by an ideal turbine. This tube is smaller than the turbine, however, and
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this can lead to confusing results. The normal method of expressing this
extracted power is in terms of the undisturbed wind speed, u1, and the
turbine area, A2. This method yields

P

mideal =

%Az "01 =*p 7szl W (25)

N =

The factor 16/27 = 0.593 is called the Betz coefficient [1]. It shows
that an actual turbine cannot extract more than 59.3% of the power in
an undisturbed tube of air of the same area. In practice, the fraction of
power extracted will always be less because of mechanical imperfections.
A good fraction is 35-40% of the air in the wind under optimum condi-
tions, although fractions as high as 50% have been claimed. A turbine,
which extracts 40% of the power in the wind, is extracting about two-
thirds of the amount that would be extracted by an ideal turbine. This is
rather good considering the aerodynamic problems of constantly chang-
ing wind speed and direction as well as the frictional loss due to blade
surface roughness.

2.6.2  Power Output from Practical Turbines

The fraction of power extracted from the power in the wind by a practical
wind turbine is usually given by the symbol Cp, standing for the coeffi-
cient of performance or power coefficient. Using this notation and drop-
ping the subscripts of Equation (2.5), the actual mechanical power output
can be written as

p,=C, %pAve’ =C,p, W (2.6)

where P, is the extracted power from the wind, p is the air density [kg/
m?], R is the blade radius [m], V, is the wind velocity [m/s], and C, is the
power coefficient, which is a function of both tip speed ratio, A, and blade
pitch angle, B [deg].

The coefficient of performance is not constant but varies with the wind
speed, the rotational speed of the turbine, and turbine blade parameters
like angle of attack and pitch angle. Generally it is said that the power
coefficient, Cp, is a function of tip speed ratio, [, and blade pitch angle, b,
where tip speed ratio is defined as

A= 2.7)
0
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where R is the radius of the turbine blade in m, w is the mechanical angu-
lar velocity of the turbine in rad/s, and v is the wind speed in m/s. The
angular velocity, w, is determined from the rotational speed, 7 (r/min), by

= % rad/s (2.8

Usually, the MOD-2 model is considered for CP—X characteristics [3/4],
which is represented by the following equations and shown in Figure 2.9.
Data for a large 2.5 MW (MOD-2) wind turbine are given in Table 2.1.

Cp= %(x -0.022p% - 5.6)e-°-m 2.9)

0.5 7 MOD2 wind turbine

)l B in degree
0.4 =0
0.3

U&

0.2
0.1 4
0.0 T+
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Figure 2.9 Cp-)A curves for different pitch angle.

Table 2.1 2.5 MW (MOD-2) Wind Turbine Data

Turbine Type Three-Blade Horizontal Axis
Radius 46 m

Gear ratio 1:103

Rotor speed 18 rpm

Air density 1.225 kg/m3

Cut in wind speed 4m/sec

Rated wind speed approximately 12 m/sec

Tower height about 100 m
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Figure 2.10 Ideal wind turbine power curve showing three speeds.

2.6.2.1  Wind Turbine Design Speed
To obtain optimum use of wind turbine output power, it is necessary
to choose three design speeds, which are the most important things in
designing a wind turbine: cut-in speed; rated speed; and furling (cutoff)
speed (Figure 2.10):

1. Cut-in speed: The minimum wind speed at which the wind turbine
will generate usable power. This wind speed is typically between 7
and 10 mph for most turbines.

2. Rated speed: The minimum wind speed at which the wind turbine will
generate its designated rated power. Rated speed for most machines is
in the range of 25 to 35 mph. At wind speeds between cut-in and rated,
the power output from a wind turbine increases as the wind increases.
The output of most machines levels off above the rated speed.

3. Furling (cutout) speed: At very high wind speeds, typically between
45 and 80 mph, most wind turbines cease power generation and shut
down. The wind speed at which shutdown occurs is called the cut-
out speed or sometimes the furling speed. Having a cut-out speed is
a safety feature that protects the wind turbine from damage.

2.6.2.2  Pitch Mechanism

Controlling the power output from the turbines blades is a major issue in
any wind turbine, and it can be accomplished by two main technologies.
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Figure 2.11 Pitch control system model.

One, known as the pitch control technology, is based on the adjustment
of the blades by a control system, intimately connected to the brake sys-
tem. The other technology, the stall (or passive) control, is purely based on
the aerodynamic properties of the blade, without any control system or
moving parts to adjust. It’s a technology based on the twist and thickness
of the blade along its length. Usually the main purpose of using a pitch
controller with a wind turbine is to maintain a constant output power at
the terminal of the generator when the wind speed is over the rated speed.
Figure 2.11 shows the conventional pitch control system [5].

2.6.2.3  Effect of Wind Shear and Tower Shadow

Torque and power generated by a wind turbine are much more variable
than that produced by more conventional generators. The sources of these
power fluctuations are due both to stochastic processes that determine
the wind speeds at different times and heights and to periodic processes.
These periodic processes are largely due to two effects termed wind shear
and tower shadow [6]. Wind shear is used to describe the variation of wind
speed with height, whereas tower shadow describes the redirection of
wind due to the tower structure. In three-bladed turbines, the most com-
mon and largest periodic power pulsations occur at what is known as
a 3p frequency. This is three times the rotor frequency, or the same fre-
quency at which the blades pass by the tower. Thus, even for a constant
wind speed at a particular height a turbine blade would encounter vari-
able wind as it rotates. Torque pulsations, and therefore power pulsations,
are observed due to the periodic variations of wind speed experienced at
different locations.

2.6.2.4  Wind Shear
Wind speed generally increases with height, and this variation is wind
shear. Torque pulsations, and therefore power pulsations, are observed
due to the periodic variations of wind speed seen at different heights.
Power and torque oscillate due to the different wind conditions encoun-
tered by each blade as it rotates through a complete cycle. For instance,
a blade pointing upward would encounter wind speeds greater than a
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blade pointing downward. During each rotation, the torque oscillates
three times because of each blade passing through minimum and maxi-
mum wind.

2.6.2.5 Tower Shadow

The distribution of wind is altered by the presence of the tower. For
upwind rotors, the wind directly in front of the tower is redirected and
thereby reduces the torque at each blade when in front of the tower. This
effect is called tower shadow. The torque pulsations due to tower shadow
are most significant when a turbine has blades downwind of the tower
and wind is blocked as opposed to redirected. For this reason, the major-
ity of modern wind turbines have upwind rotors.

2.7 Chapter Summary

This chapter provides the fundamental concept of wind energy conver-
sion system. The wind energy technology, the basic components of a
wind turbine system, types of wind turbines are described. Wind tur-
bine power scales and installation location are discussed. The equations
of output power considering ideal and practical turbines are derived. The
pitch control mechanism, wind shear and tower shadow phenomena are
explained.
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chapter 3

Electric Machines and
Power Systems

3.1 Introduction

Electric machines are necessary for electric power generation. Wind
energy is captured by the wind turbine, which acts as the prime mover
of the wind generator. Although induction machines are mostly used
as wind generators, synchronous machines are also used as wind gen-
erators, especially for variable speed operation. Therefore, to understand
the wind generator systems, the study of electric machines is necessary.
Again, power generated by the wind energy system is connected to the
power grid through transformers. Circuit breakers are located on the lines
to respond to the fault situations. As a whole, it is essential when studying
wind energy systems to have a basic understanding of electric machines
and power systems together with the associated controls. This chapter
briefly describes the basics of direct current (DC) machines, synchronous
machines, induction machines, transformers, circuit breakers, power sys-
tems analysis, and power systems control. For detailed study, readers are
referred to books dealing with electric machines and power systems [1-4].

3.2 DC Machines

The basic structural features of a DC machine are a stator, which carries
the field winding, and a rotor, which carries the armature winding. The
stator and rotor together constitute the magnetic circuit or core of the
machine, which is a hollow cylinder. The armature is the load-carrying
member. The rotor is cylindrical in shape. Armature winding rotates in
the magnetic field set up at the stationary winding. An armature winding
is continuous; that is, it has no beginning or end. It is composed of a num-
ber of coils in series, as shown in Figure 3.1. Depending on the manner
in which the coil ends are connected to the commutator bars, armature
windings can be grouped into lap windings and wave windings. Wave
winding gives greater voltage and smaller current ratings, whereas the
lap winding supplies greater current and smaller voltage ratings. Field
winding is an exciting system that may be an electrical winding or a per-
manent magnet and is located on the stator. The coils on the armature
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are terminated and interconnected through the commutator, which is
composed of a number of bars or commutator segments insulated from
each other. The commutator rotates with the rotor and serves to rectify
the induced voltage and the current in the armature, both of which are
alternating currents (AC). Brushes made of conducting carbon graph-
ite are spring loaded to ride on the commutator and act as an interface
between the external circuit and the armature winding. The field winding
is placed in poles, the number of which is determined by the voltage and
current ratings of the machine. For mechanical support, protection from
abrasion, and further electrical insulation, nonconducting slot liners are
often wedged between the coils and the slot walls. The magnetic material
between the slots is called teeth.

In the motoring operation the DC machine is made to work from a DC
source and to absorb electrical power. This power is converted into the
mechanical form. This is briefly discussed here. If the DC machine’s arma-
ture that is at rest is connected to a DC source, then a current flows into
the armature conductors. If the field is already excited, then these current-
carrying conductors experience a force, and the armature experiences a
torque. If the restraining torque could be neglected the armature starts
rotating in the direction of the force. The conductors now move under
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the field and cut the magnetic flux, and hence an induced electromotive
force (emf) appears in them. The polarity of the induced emf is such as to
oppose the cause of the current, which in the present case is the applied
voltage. Thus, a back emf appears and tries to reduce the current. As the
induced emf and the current act in opposing sense, the machine acts like a
sink to the electrical power that the source supplies. This absorbed electri-
cal power gets converted into mechanical form. Thus, the same electrical
machine works as a generator of electrical power or the absorber of elec-
trical power depending on the operating condition. The absorbed power
gets converted into electrical or mechanical power.

3.3 AC Machines

AC machines produce AC voltage. There are mainly two types of AC
machines: (1) synchronous machine; and (2) asynchronous or induc-
tion machine.

3.3.1 Synchronous Machines

The synchronous machine is an important electromechanical energy con-
verter. Synchronous generators usually operate together (or in parallel),
forming a large power system supplying electrical energy to the loads
or consumers. For these applications synchronous machines are built as
large units, and their rating ranges from tens to hundreds of megawatts.
For high-speed machines, the prime movers are usually steam turbines
employing fossil or nuclear energy resources. Low-speed machines are
often driven by hydroturbines that employ water power for generation.
Smaller synchronous machines are sometimes used for private genera-
tion and as standby units, with diesel engines or gas turbines as prime
movers.

Synchronous machines can also be used as motors, but they are
usually built in very large sizes. The synchronous motor operates at
a precise synchronous speed and hence is a constant-speed motor.
Unlike the induction motor, whose operation always involves a lagging
power factor, the synchronous motor possesses a variable-power-factor
characteristic and hence is suitable for power-factor correction appli-
cations. A synchronous motor operating without mechanical load is
called a compensator. It behaves as a variable capacitor when the field
is overexcited and as a variable inductor when the field is underex-
cited. It is often used in critical positions in a power system for reactive
power control.

According to the arrangement of the field and armature windings,
synchronous machines may be classified as rotating-armature type or
rotating-field type.
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Rotating-armature type: The armature winding is on the rotor, and
the field system is on the stator. The generated current is brought
out to the load via three (or four) slip rings. Insulation problems
and the difficulty involved in transmitting large currents via the
brushes limit the maximum power output and the generated elec-
tromagnetic field. This type is used only in small units, and its main
application is as the main exciter in large alternators with brushless
excitation systems.

Rotating-field type: The armature winding is on the stator, and the
field system is on the rotor. Field current is supplied from the exciter
via two slip rings, whereas the armature current is directly supplied
to the load. This type is employed universally since very high power
can be delivered. Unless otherwise stated, the subsequent discus-
sion refers specifically to rotating-field type synchronous machines.

According to the shape of the field, synchronous machines may be clas-
sified as cylindrical-rotor (nonsalient pole) machines and salient-pole
machines, shown in Figures 3.2 and 3.3, respectively.

The cylindrical-rotor construction is used in generators that oper-
ate at high speeds, such as steam-turbine generators (usually two-pole
machines). This type of machine usually has a small diameter-to-length
ratio to avoid excessive mechanical stress on the rotor due to the large
centrifugal forces.

The salient-pole construction is used in low-speed AC generators (e.g.,
hydroturbine generators) and also in synchronous motors. This type of
machine usually has a large number of poles for low-speed operation and
a large diameter-to-length ratio. The field coils are wound on the bodies
of projecting poles. A damper winding (which is a partial squirrel-cage

Stator

Rotor

Field
winding

Figure 3.2 Construction of cylindrical-rotor synchronous machine.
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Figure 3.3 Salient-pole rotor construction.

winding) is usually fitted into slots at the pole surface for synchronous
motor starting and for improving the stability of the machine.

3.3.1.1 Principle of Cylindrical-Rotor Synchronous Generators

When a synchronous generator is excited with field current and is driven
at a constant speed, a balanced voltage is generated in the armature wind-
ing. If a balanced load is now connected to the armature winding, a bal-
anced armature current at the same frequency as the emf will flow. Since
the frequency of generated emf is related to the rotor speed and the speed
of the armature rotating magnetomotive force (mmf) is related to the fre-
quency of the current, it follows that the armature mmf rotates synchro-
nously with the rotor field. An increase in rotor speed results in a rise in
the frequency of emf and current, whereas the power factor is determined
by the nature of the load.

The effect of the armature mmf on the resultant field distribution
is called armature reaction. Since the armature mmf rotates at the same
speed as the main field, it produces a corresponding emf in the armature
winding. For steady-state performance analysis, the per-phase equivalent
circuit shown in Figure 3.4 is used. The effects of armature reaction and
armature winding leakage are considered to produce an equivalent inter-
nal voltage drop across the synchronous reactance Xs, whereas the field
excitation is accounted for by the open-circuit armature voltage E;. The
impedance Zs = (R + jXs) is known as the synchronous impedance of the
synchronous generator, where R is the armature resistance.

The circuit equation of the synchronous generator is

E;=V+1Zs 31

Figure 3.5 shows a voltage phasor diagram of a cylindrical-rotor syn-
chronous generator supplying a lagging-power-factor load. Due to the
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Figure 3.4 Per-phase equivalent circuit of synchronous generator.

Figure 3.5 Phasor diagram of cylindrical-rotor synchronous generator supplying
a lagging-power-factor load (§, load angle; ¢, power factor angle).

synchronous impedance drop, the terminal voltage is less than the open-
circuit voltage E;. For generator operation, the E,;phasor leads the terminal
voltage phasor V by the angle §, often referred to as the load angle.

In practice, synchronous generators seldom operate in the isolated
mode. A large number of synchronous machines are usually connected in
parallel to supply the loads, forming a large power system known as a grid.
The voltage and the frequency of the grid remain substantially constant.
When a synchronous generator is connected to the grid, its rotor speed and
terminal voltage are fixed by the grid and it is said to be operating on infi-
nite busbars. In general, a change in field excitation will result in a change
in the operating power factor, whereas a change in mechanical power input
will cause a corresponding change in the electrical power output.

The process of paralleling a synchronous machine onto infinite
busbars is known as synchronizing. Before a synchronous generator
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Table 3.1 Synchronous Generator Parameters

Parameters Unit
Stator resistance, r, Pu
Stator reactance, x, Pu
Direct-axis synchronous reactance, X4 Pu
Quadrature-axis synchronous reactance, XCl Pu
Direct-axis transient reactance, X} Pu
Quadrature-axis transient reactance, x; Pu
Direct-axis subtransient reactance, X} Pu
Quadrature-axis subtransient reactance, Xg Pu
Direct-axis open circuit transient time constant, T'do sec
Direct-axis open circuit subtransient time constant, T”do sec
Quadrature-axis open circuit subtransient time constant, T”qo sec
Inertia constant, H sec

can be synchronized onto live busbars, the following conditions must
be satisfied:

¢ The voltage of the generator must be equal to that of the busbars.

® The frequency of the generator must be equal to that of the busbars.

¢ The phase sequence of the generator must be the same as that of
the busbars.

¢ At the instant of synchronizing, the voltage phasors of the generator
and the busbars must coincide.

Synchronizing may be achieved with the help of synchronizing lamps,
and therotary lamp method is the most popular. Alternatively, a device known
as the synchroscope may conveniently be used to facilitate synchronizing.

Table 3.1 shows the typical synchronous machine parameters when
used in wind turbine modeling.

3.3.1.2  Automatic Voltage Regulator System
The ability of a power system to maintain stability depends to a large
extent on the controls available on the system to damp the electrome-
chanical oscillations. Hence, the study and design of the automatic volt-
age regulator (AVR) and governor (GOV) control system models are very
important. The AVR controls the excitation voltage of the synchronous
machine and attempts to keep constant terminal voltage.

3.3.1.3 Governor Control System
The GOV controls mechanical input power of the synchronous machine
and attempts to keep constant angular velocity.
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Figure 3.6 Equivalent circuit of cylindrical-rotor synchronous motor.

3.3.1.4 Power System Stabilizer

The function of a power system stabilizer (PSS) is to add damping to the
generator rotor oscillations. The PSS uses auxiliary stabilizing signals to
control the excitation system to improve power system dynamic perfor-
mance. Commonly used input signals to the PSS are shaft speed, terminal
frequency, and power. Power system dynamic performance is improved
by the damping of system oscillations. This is a very effective method of
enhancing small-signal stability performance.

3.3.1.5 Operating Principle of Synchronous Motors

A synchronous motor develops a constant torque only when the field sys-
tem and the armature mmf rotate in synchronism. When the motor is fed
from the grid, the supply frequency is constant, and the motor must run
at synchronous speed. The synchronous motor is thus a constant-speed
motor. The steady-state performance characteristics of the synchronous
motor may be studied using the equivalent circuit shown in Figure 3.6.
Comparing this with Figure 3.4, it should be noted that the direction of
the armature current has been reversed. The circuit equation for a syn-
chronous motor is thus

V=E+1Zs (3.2)

To satisfy this circuit equation (3.2), the phasor E; (often regarded as the
back emf of the motor) must lag the terminal voltage V by the load angle &.

The synchronous motor may be used as a constant-speed drive, par-
ticularly for ratings exceeding 15 kW, for example, motor-generator sets
for a DC power system, compressors, fans, and blowers. Large synchro-
nous motors have higher efficiencies and can operate at unity power fac-
tor; hence, they are smaller in size and weight than induction motors of
the same rating. Synchronous motors can also be used for power-factor
correction in an industrial plant consisting of a large number of induction
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motors. An overexcited synchronous motor without mechanical load
behaves as a variable capacitor that can be used for reactive power control
in a large power system. For the latter application, the machine is often
referred to as a synchronous capacitor or a compensator.

3.3.1.6  Permanent Magnet Synchronous Generator
This is a type of synchronous generator where the excitation field is pro-
vided by a permanent magnet instead of a coil [1].
Advantages of permanent magnets in synchronous generators are
as follows:

¢ They are more stable and secure during normal operation and do
not require an additional DC supply for the excitation circuit.

e They avoid the use of slip rings and hence are simpler and mainte-
nance free.

¢ They have higher power coefficient and efficiency.

e Synchronous generators are suitable for high capacities, and asyn-
chronous generators, which consume more reactive power, are suit-
able for smaller capacities.

® Voltage regulation is possible in synchronous generators but not in
induction types.

¢ Condensers are not required for maintaining the power factor in
synchronous generators but are necessary for induction generators.

* Because of high coercivity of high-performance permanent magnet
materials, such as neodymium, air-gap depth is more tolerable, which
puts lower structural constraints on frame and bearing assemblies.

Disadvantages of permanent magnets in synchronous generators are
as follows:

e Unlike mmf produced flux density in a winding, the flux density of
high-performance permanent magnets, such as derivatives of neo-
dymium and samarium-cobalt, is limited regardless of high coerciv-
ity. After all, permanent magnets are magnetized with the higher
flux density of an electromagnet. Furthermore, all electric machines
are designed to the magnetic core saturation constraints.

¢ Torque current mmf vectorially combines with the persistent flux of
permanent magnets, which leads to higher air-gap flux density and
eventually to core saturation.

¢ Uncontrolled air-gap flux density leads to overvoltage and poor elec-
tronic control reliability.

* A persistent magnetic field imposes safety issues during assembly
or field service or repair, such as physical injury or electrocution.
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e In all cases, high-performance permanent magnet materials are
always expensive.

® The mining of high-performance permanent magnet materials is
environmentally demanding, and as a result the use of permanent
magnets is by no means environmentally friendly.

e Air-gap depth tolerance improves only 20% over other electric
machines before magnetic leakage becomes the same concern for
any electric machine.

e High-performance permanent magnets have structural and ther-
mal issues.

3.3.1.7 Multimass Shaft System of Synchronous Generator

Usually the turbine-generator is assumed to be made of a single mass.
However, in reality, a turbine-generator rotor has a very complex mechan-
ical structure consisting of several predominant masses (e.g., rotors of
turbine sections, generator rotor, couplings, and exciter rotor) connected
by shafts of finite stiffness. Therefore, when the generator is perturbed,
torsional oscillations result between different sections of the turbine-gen-
erator rotor. The torsional oscillations in the subsynchronous range could,
under certain conditions, interact with the electrical system in an adverse
manner. Again, certain electrical system disturbances can significantly
reduce the life expectancy of turbine shafts. Therefore, sufficient damping
is needed to reduce turbine shaft torsional oscillations. Figure 3.7 shows
the turbine-generator shaft model has six masses: a high-pressure (HP)
turbine; an intermediate-pressure (IP) turbine; two low-pressure turbines
(LPA, LPB); the generator (GEN); and an exciter (EXC) [2].

3.3.2 Asynchronous Machines

An induction motor or asynchronous motor is a type of alternating cur-
rent motor where power is supplied to the rotor by means of electromag-
netic induction. An electric motor turns because of magnetic force exerted
between a stationary electromagnet called the stator and a rotating elec-
tromagnet called the rotor. Different types of electric motors are distin-
guished by how electric current is supplied to the moving rotor. In a DC
motor and a slip ring AC motor, current is provided to the rotor directly

) (/J) ()) ()lr\_jé:

HP i LPA LPB GEN EXC

Figure 3.7 Turbine-generator shaft model.



Chapter 3:  Electric Machines and Power Systems 47

through sliding electrical contacts called commutators and slip rings. In
an induction motor, by contrast, the current is induced in the rotor with-
out contacts by the magnetic field of the stator through electromagnetic
induction. An induction motor is sometimes called a rotating transformer
because the stator (stationary part) is essentially the primary side of the
transformer, and the rotor (rotating part) is the secondary side. Unlike
the normal transformer, which changes the current by using time-varying
flux, induction motors use rotating magnetic fields to transform the volt-
age. The current in the primary side creates an electromagnetic field that
interacts with the electromagnetic field of the secondary side to produce a
resultant torque, thereby transforming the electrical energy into mechani-
cal energy. Induction motors are widely used, especially polyphase induc-
tion motors, which are frequently used in industrial drives.

Induction motors are now the preferred choice for industrial motors
due to their rugged construction, absence of brushes (which are required
in most DC motors), and—thanks to modern power electronics—the abil-
ity to control the speed of the motor.

The basic difference between an induction motor and a synchronous
AC motor with a permanent magnet rotor is that in the latter the rotat-
ing magnetic field of the stator will impose an electromagnetic torque on
the magnetic field of the rotor causing it to move (about a shaft), and a
steady rotation of the rotor is produced. It is called synchronous because
at steady-state the speed of the rotor is the same as the speed of the rotat-
ing magnetic field in the stator.

By contrast, the induction motor does not have any permanent mag-
nets on the rotor; instead, a current is induced in the rotor. To achieve this,
stator windings are arranged around the rotor so that when energized
with a polyphase supply they create a rotating magnetic field pattern
that sweeps past the rotor. This changing magnetic field pattern induces
current in the rotor conductors. These currents interact with the rotating
magnetic field created by the stator and in effect cause a rotational motion
on the rotor.

However, for these currents to be induced, the speed of the physical
rotor must be less than the speed of the rotating magnetic field in the
stator (the synchronous frequency n,); otherwise, the magnetic field will
not be moving relative to the rotor conductors, and no currents will be
induced. If by some chance this happens, the rotor typically slows slightly
until a current is reinduced, and then the rotor continues as before. This
difference between the speed of the rotor and speed of the rotating mag-
netic field in the stator is called slip. It is unitless and is the ratio between
the relative speed of the magnetic field as seen by the rotor (the slip speed)
to the speed of the rotating stator field. Due to this, an induction motor is
sometimes referred to as an asynchronous machine.
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3.3.2.1 Synchronous Speed
It is important to understand the way the behavior of induction motors
differs from synchronous motors. The synchronous motors always run
at a synchronous speed—a shaft rotation frequency that is an integer
fraction of the supply frequency. The synchronous speed of an induction
motor is the same fraction of the supply.
It can be shown that the synchronous speed of a motor is determined by

120 f 63

p

where 1, is the (synchronous) speed of the rotor (in rpm), f is the frequency
of the AC supply (in Hz), and p is the number of magnetic poles per phase.
(Note: Some texts refer to p as number of pole pairs per phase.)

For example, a six-pole motor operating on 60 Hz power would have
a speed of

1y = 1206" 50 _ 1200 rpm

For example, a six-pole motor, operating on 60 Hz power, would have
three pole pairs. The equation of synchronous speed then becomes

p 60 f 54)

p

where p is the number of pole pairs per phase.

3.3.2.2 Slip
The slip is a ratio relative to the synchronous speed and is calculated using

(3.5)

where s is the slip, usually between 0 and 1, n, is the rotor rotation speed
(rpm), and n, is the synchronous rotation speed (rpm).
There are three types of rotor of an induction motor:

Squirrel-cage rotor: The most common rotor, it is made up of bars of
either solid copper (most common) or aluminum that span the length
of the rotor, and those solid copper or aluminium strips can be shorted
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or connected by a ring or sometimes not; that is, the rotor can be
closed or semiclosed. The rotor bars in squirrel-cage induction motors
are not straight but have some skew to reduce noise and harmonics.

Slip ring rotor: A slip ring rotor replaces the bars of the squirrel-cage
rotor with windings that are connected to slip rings. When these slip
rings are shorted, the rotor behaves similarly to a squirrel-cage rotor;
they can also be connected to resistors to produce a high-resistance
rotor circuit, which can be beneficial in starting.

Solid-core rotor: A rotor can be made from a solid mild steel. The
induced current causes the rotation.

3.3.2.3 Induction Generator or Asynchronous Generator
An induction generator or asynchronous generator is a type of AC elec-
trical generator that uses the principles of induction motors to produce
power. Induction generators operate by mechanically turning their rotor
in generator mode, giving negative slip. In most cases, a regular AC asyn-
chronous motor is used as a generator, without any internal modifications.

3.3.2.3.1 Principle of Operation. Induction generators and motors
produce electrical power when their shaft is rotated faster than the syn-
chronous frequency. For a typical four-pole motor (two pairs of poles on
stator) operating on a 60 Hz electrical grid, synchronous speed is 1,800
rotations per minute. A similar four-pole motor operating on a 50 Hz grid
will have synchronous speed equal to 1,500 rpm. In normal motor opera-
tion, stator flux rotation is faster than the rotor rotation. This is causing
stator flux to induce rotor currents, which creates rotor flux with mag-
netic polarity opposite to the stator. In this way, the rotor is dragged along
behind stator flux by value equal to slip.

In generator operation, a certain prime mover (turbine engine) is driv-
ing the rotor above the synchronous speed. Stator flux still induces cur-
rents in the rotor; however, since the opposing rotor flux is now cutting the
stator coils, active current is produced in stator coils, and the motor is now
operating as a generator and sending power back to the electrical grid.

Induction generators are not, in general, self-exciting, meaning they
require an electrical supply, at least initially, to produce the rotating mag-
netic flux (although in practice an induction generator will often self-start
due to residual magnetism). The electrical supply can be supplied from
the electrical grid or, once it starts producing power, from the generator
itself. The rotating magnetic flux from the stator induces currents in the
rotor, which also produces a magnetic field. If the rotor turns slower than
the rate of the rotating flux, the machine acts like an induction motor. If
the rotor is turned faster, it acts like a generator, producing power at the
synchronous frequency.
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Figure 3.8 Steady-state equivalent circuit of single squirrel-cage induction
machine.

Active power delivered to the line is proportional to slip above the
synchronous speed. Full-rated power of the generator is reached at very
small slip values (motor dependent, typically 3%). At synchronous speed
of 1,800 rpm, the generator will produce no power. When the driving
speed is increased to 1,860 rpm, full output power is produced. If the
prime mover is unable to produce enough power to fully drive the genera-
tor, speed will remain somewhere between 1,800 and 1,860 rpm. Figure 3.8
shows a steady-state equivalent circuit of a single squirrel-cage induction
machine model, where s denotes a rotational slip.

3.3.2.3.2 Required Capacitance. A capacitor bank must supply
reactive power to the motor when used in stand-alone mode. Reactive
power supplied should be equal to or greater than the reactive power that
machine normally draws when operating as a motor. Terminal voltage
will increase with capacitance but is limited by iron saturation.

3.3.2.3.3 Grid and Stand-Alone Connections In induction genera-
tors, the magnetizing flux is established by a capacitor bank connected
to the machine in stand-alone systems, and in grid connections it draws
a magnetizing current from the grid. For a grid-connected system, fre-
quency and voltage at the machine will be dictated by the electric grid,
since it is very small compared with the whole system. For stand-alone sys-
tems, frequency and voltage are complex functions of machine parameters,
capacitance used for excitation, and load value and type.

Induction generators are often used in wind turbines and some micro
hydro-installations due to their ability to produce useful power at varying
rotor speeds. Induction generators are mechanically and electrically sim-
pler than other generator types. They are also more rugged and require
no brushes or commutators. Induction generators are particularly suitable
and usually used for wind-generating stations since in this case speed is
always a variable factor and the generator is easy on the gearbox. Table 3.2



Chapter 3:  Electric Machines and Power Systems 51

Table 3.2 Induction Generator Parameters

Parameters Unit
Stator resistance, r; Pu
Stator leakage reactance, x; Pu
Magnetizing reactance, X, Pu
Rotor resistance, r, Pu
Rotor leakage reactance, x, Pu
Inertia constant, H sec
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Figure 3.9 An object with anisotropic geometry (a) and isotropic geometry (b) in
a magnetic field y and torque production mechanism.
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shows the typical induction machine parameters when used in wind tur-
bine modeling.

3.3.3  Synchronous Reluctance Machine

The synchronous reluctance machine (SynRM) uses the reluctance con-
cept and rotating sinusoidal mmf, which can be produced by the tradi-
tional induction motor stator, for torque production [5-8]. The reluctance
torque concept has a very old history and can be traced back to before
1900. The main idea can be explained by Figure 3.9. In this figure object
(@) with an isotropic magnetic material has different (geometric) reluc-
tances on the d-axis and the g-axis, whereas the isotropic magnetic mate-
rial in object (b) has the same reluctance in all directions. A magnetic field
y that is applied to the anisotropic object (a) is producing torque if there
is an angle difference between the d-axis and the field (5 # 0). It is obvious
that if the d-axis of object (a) is not aligned with the field, it will introduce
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a field distortion in the main field. The main direction of this distortion
field is aligned along the g-axis of the object. In the SynRM field (y) is
produced by a sinusoidally distributed winding in a slotted stator, and
it links the stator and rotor through a small air gap, exactly as in a tradi-
tional IM. The field is rotating at synchronous speed and can be assumed
to have a sinusoidal distribution.

In this situation there will always be a torque that acts to reduce the
whole system potential energy by reducing the distortion field in the
g-axis (6—0). If (8) load angle is kept constant—for example, by control
or applying a load torque—then electromagnetic energy will be continu-
ously converted to mechanical energy. The stator current is responsible
for both the magnetization (main field) and the torque production that is
trying to reduce the field distortion. The torque can be controlled by the
current angle, which is the angle between the current vector of the stator
winding and the rotor d-axis (6) in synchronous reference frame.

Since the stator winding of the SynRM is sinusoidally distributed, flux
harmonics in the air gap contribute only to an additional term in the sta-
tor leakage inductance. Hence, the equations that describe the behavior of
the SynRM can be derived from the conventional equations—Park’s equa-
tions—depicting a conventionally wound field synchronous machine. In
the SynRM, the excitation (field) winding is nonexistent. Also, the machine
cage in the rotor is omitted, and the machine can be started synchronously
from a standstill by proper inverter control. Figure 3.10 shows an equiva-
lent vector circuit of SynRM including rotor and stator iron losses.

Synchronous reluctance machines use a reluctance rotor design but
a standard three-phase AC winding. An induction cage on the rotor pro-
vides start torque, but once the machine is close to synchronous speed the
reluctance torque will synchronize the machine with the supply. Although
synchronous reluctance motors have a low torque capability, they can be
used in a number of specific applications such as with clocks and textiles,
where precise speed control is required to spin constant-thickness fibers.
(This also applies to optical fiber production.)

(e}

Figure 3.10 Equivalent vector circuit of SynRM including rotor and stator iron
losses.
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3.3.4 Transformer

A transformer is a static device that transfers electrical energy from one
circuit to another through inductively coupled conductors—the trans-
former’s coils. A varying current in the first or primary winding creates a
varying magnetic flux in the transformer’s core and thus a varying mag-
netic field through the secondary winding. This varying magnetic field
induces a varying emf or “voltage” in the secondary winding. This effect
is called mutual induction.

If a load is connected to the secondary, an electric current will flow
in the secondary winding and electrical energy will be transferred from
the primary circuit through the transformer to the load. In an ideal trans-
former, the induced voltage in the secondary winding (V) is in propor-
tion to the primary voltage (V,) and is given by the ratio of the number of
turns in the secondary (N,) to the number of turns in the primary (N,) as
follows:

N,

(3.6)

S|
=z

P

By appropriate selection of the ratio of turns, a transformer thus allows an
AC voltage to be “stepped up” by making N; greater than N, or “stepped
down” by making N; less than N,,.

In the vast majority of transformers, the windings are coils wound
around a ferromagnetic core, with air-core transformers being a notable
exception. Transformers range in size from a thumbnail-sized coupling
transformer hidden inside a stage microphone to huge units weighing
hundreds of tons used to interconnect portions of power grids. All oper-
ate with the same basic principles, although the range of designs is wide.
Although new technologies have eliminated the need for transformers in
some electronic circuits, transformers are still found in nearly all elec-
tronic devices designed for household (“mains”) voltage. Transformers
are essential for high-voltage electric power transmission, which makes
long-distance transmission economically practical.

3.3.4.1 Basic Principles

The transformer is based on two principles: first, that an electric cur-
rent can produce a magnetic field (electromagnetism); and second, that a
changing magnetic field within a coil of wire induces a voltage across the
ends of the coil (electromagnetic induction). Changing the current in the
primary coil changes the magnetic flux that is developed. The changing
magnetic flux induces a voltage in the secondary coil.

Anideal transformer is shown in Figure 3.11. Current passing through
the primary coil creates a magnetic field. The primary and secondary coils
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Figure 3.11 An ideal transformer.

are wrapped around a core of very high magnetic permeability, such as
iron, so that most of the magnetic flux passes through both the primary
and secondary coils.

3.3.4.2 Induction Law

The voltage induced across the secondary coil may be calculated from
Faraday’s law of induction, which states that

do
V,=N,— 37
s=No 3.7)

here V, is the instantaneous voltage, N; is the number of turns in the sec-
ondary coil, and @ is the magnetic flux through one turn of the coil. If the
turns of the coil are oriented perpendicular to the magnetic field lines, the
flux is the product of the magnetic flux density B and the area A through
which it cuts. The area is constant, being equal to the cross sectional area of
the transformer core, whereas the magnetic field varies with time accord-
ing to the excitation of the primary. Since the same magnetic flux passes
through both the primary and secondary coils in an ideal transformer, the
instantaneous voltage across the primary winding equals

VN do

P P ﬁ (3.8)
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Taking the ratio of the two equations for V; and V, gives the basic
equation for stepping up or stepping down the voltage:

Ve _ N
V, N

3.9
P

N,/N; is known as the turns ratio and is the primary functional charac-
teristic of any transformer. In the case of step-up transformers, this may
sometimes be stated as the reciprocal, NS/NP. Turns ratio is commonly
expressed as an irreducible fraction or ratio. For example, a transformer
with primary and secondary windings of 100 and 150 turns, respectively,
is said to have a turns ratio of 2:3 rather than 0.667 or 100:150.

3.3.4.3 Ideal Power Equation

Figure 3.12 shows an ideal transformer as a circuit element. If the second-
ary coil is attached to a load that allows current to flow, electrical power is
transmitted from the primary circuit to the secondary circuit. Ideally, the
transformer is perfectly efficient; all the incoming energy is transformed
from the primary circuit to the magnetic field and into the secondary cir-
cuit. If this condition is met, the incoming electric power must equal the
outgoing power:

P, incoming = I pr =P, outgoing = ISVS (310)

giving the ideal transformer equation

I
o N 5 (3.11)
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Figure 3.12 The ideal transformer as a circuit element.
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Transformers normally have high efficiency, so this formula is a reason-
able approximation. If the voltage is increased, then the current is decreased
by the same factor. The impedance in one circuit is transformed by the square
of the turns ratio. For example, if an impedance Z; is attached across the
terminals of the secondary coil, it appears to the primary circuit to have an
impedance of (N,/N,Z;. This relationship is reciprocal, so that the imped-
ance Z, of the primary circuit appears to the secondary to be (N,/N,fZ,.

3.3.4.4 Detailed Operation

The previously given simplified description neglects several practical fac-
tors, in particular the primary current required to establish a magnetic
field in the core and the contribution to the field due to current in the
secondary circuit.

Models of an ideal transformer typically assume a core of negligible
reluctance with two windings of zero resistance. When a voltage is applied
to the primary winding, a small current flows, driving flux around the
magnetic circuit of the core. The current required to create the flux is
termed the magnetizing current; since the ideal core has been assumed to
have near-zero reluctance, the magnetizing current is negligible, although
it is still required to create the magnetic field.

The changing magnetic field induces an emf across each winding,.
Since the ideal windings have no impedance, they have no associated
voltage drop, so the voltages V;, and V; measured at the terminals of the
transformer are equal to the corresponding emfs. The primary emf, acting
as it does in opposition to the primary voltage, is sometimes termed the
back emf. This is due to Lenz’s law, which states that the induction of emf
would always be such that it will oppose development of any such change
in magnetic field.

3.34.41 Types A wide variety of transformer designs are used
for different applications, though they share several common features.
Important common transformer types include the following:

1. Autotransformers: In an autotransformer portions of the same
winding act as both the primary and secondary. The winding has
at least three taps where electrical connections are made. An auto-
transformer can be smaller, lighter, and cheaper than a standard
dual-winding transformer; however, the autotransformer does not
provide electrical isolation. Autotransformers are often used to step
up or down between voltages in the 110-117-120 volt range and volt-
ages in the 220-230-240 volt range—for example, to output either
110 or 120 V (with taps) from 230 V input, allowing equipment
from a 100 or 120 V region to be used in a 230 V region. A variable
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autotransformer is made by exposing part of the winding coils and
making the secondary connection through a sliding brush, giving a
variable turns ratio. Such a device is often referred to by the trade-
mark name variac.

2. Three-phase transformer: In these types of transformers, a bank of
three individual single-phase transformers can be used, or all three
phases can be incorporated as a single three-phase transformer.
In this case, the magnetic circuits are connected together, and the
core thus contains a three-phase flow of flux. A number of winding
configurations are possible, giving rise to different attributes and
phase shifts. One particular polyphase configuration is the zigzag
transformer, used for grounding and in the suppression of harmonic
currents.

3. Leakage transformers: Also called stray-field transformers, these
have a significantly higher leakage inductance than other trans-
formers, sometimes increased by a magnetic bypass or shunt in its
core between primary and secondary, which is sometimes adjust-
able with a set screw. This provides a transformer with an inher-
ent current limitation due to the loose coupling between its primary
and the secondary windings. The output and input currents are low
enough to prevent thermal overload under all load conditions—
even if the secondary is shorted. Leakage transformers are used for
arc welding and high-voltage discharge lamps (neon lights and cold
cathode fluorescent lamps, which are series-connected up to 7.5 kV
ACQC). They act then both as a voltage transformer and as a magnetic
ballast. Other applications are short-circuit-proof extra-low voltage
transformers for toys or doorbell installations.

4. Resonant transformers: These are a kind of leakage transformer.
They use the leakage inductance of their secondary windings in
combination with external capacitors to create one or more resonant
circuits. Resonant transformers such as the Tesla coil can generate
very high voltages and are able to provide much higher current than
electrostatic high-voltage generation machines such as the Van de
Graaff generator. One of the applications of the resonant transformer
is for the Cold Cathode Fluorescent Lamp (CCFL) inverter. Another
application of the resonant transformer is to couple between stages
of a superheterodyne receiver, where the selectivity of the receiver
is provided by tuned transformers in the intermediate frequency
amplifiers.

5. Audio transformers: These are specifically designed for use in audio
circuits. They can be used to block radio frequency interference or
the DC component of an audio signal, to split or combine audio
signals, or to provide impedance matching between high- and low-
impedance circuits, such as between a high-impedance tube (valve)
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amplifier output and a low-impedance loudspeaker or between a
high-impedance instrument output and the low-impedance input
of a mixing console. Such transformers were originally designed to
connect different telephone systems to one another while keeping
their respective power supplies isolated and are still commonly used
to interconnect professional audio systems or system components.
Being magnetic devices, audio transformers are susceptible to exter-
nal magnetic fields such as those generated by AC current-carrying
conductors. Hum is a term commonly used to describe unwanted
signals originating from the “mains” power supply (typically 50 or
60 Hz). Audio transformers used for low-level signals, such as those
from microphones, often include shielding to protect against extra-
neous magnetically coupled signals.

. Instrument transformers: These are used for measuring voltage

and current in electrical power systems and for power system pro-
tection and control. Where a voltage or current is too large to be
conveniently used by an instrument, it can be scaled down to a stan-
dardized, low value. Instrument transformers isolate measurement,
protection, and control circuitry from the high currents or voltages
present on the circuits being measured or controlled.

7. Current transformers: These are designed to provide a current in

its secondary coil proportional to the current flowing in its primary
coil.

. Voltage transformers: (VTs) Also referred to as potential trans-

formers (PTs), these are designed to have an accurately known
transformation ratio in both magnitude and phase, over a range of
measuring circuit impedances. A voltage transformer is intended
to present a negligible load to the supply being measured. The low
secondary voltage allows protective relay equipment and measur-
ing instruments to be operated at a lower voltage. Both current and
voltage instrument transformers are designed to have predictable
characteristics on overloads. Proper operation of overcurrent protec-
tive relays requires that current transformers provide a predictable
transformation ratio even during a short circuit.

3.3.4.1.2 Classification Transformers can be classified in many dif-

ferent ways, such as the following:

By power capacity: from a fraction of a volt-ampere (VA) to over 1,000 MVA
By frequency range: power, audio, or radio frequency

By voltage class: from a few volts to hundreds of kilovolts

By cooling type: air cooled, oil cooled, fan cooled, or water cooled

By application: such as power supply, impedance matching, output
voltage and current stabilizer, or circuit isolation
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® By purpose: such as distribution, rectifier, arc furnace, or amplifier output
* By winding turns ratio: step-up, step-down, isolating with equal or
near-equal ratio, variable, multiple windings

3.34.4.3 Applications A major application of transformers is to
increase voltage before transmitting electrical energy over long distances
through wires. Wires have resistance and so dissipate electrical energy at
a rate proportional to the square of the current through the wire. By trans-
forming electrical power to a high-voltage (and therefore low-current) form
for transmission and back again afterward, transformers enable economi-
cal transmission of power over long distances. Consequently, transform-
ers have shaped the electricity supply industry, permitting generation to
be located remotely from points of demand. All but a tiny fraction of the
world’s electrical power has passed through a series of transformers by the
time it reaches the consumer.

Transformers are also used extensively in electronic products to step
down the supply voltage to a level suitable for the low-voltage circuits
they contain. The transformer also electrically isolates the end user from
contact with the supply voltage.

Signal and audio transformers are used to couple stages of ampli-
fiers and to match devices such as microphones and record players to
the input of amplifiers. Audio transformers allow telephone circuits to
carry on a two-way conversation over a single pair of wires. A balun
transformer converts a signal that is referenced to ground to a signal that
has balanced voltages to ground, such as between external cables and
internal circuits.

3.4 Electrical Power Systems

Electrical power systems mean power networks consisting of genera-
tors, cables, transformers, transmission lines, loads, and control systems.
Electric power systems vary in size and structural components. However,
they all have the same basic characteristics:

* They are composed of three-phase AC systems operating essentially
at constant voltage. Generation and transmission facilities use three-
phase equipment. Industrial loads are invariably three-phase; sin-
gle-phase residential and commercial loads are distributed equally
among the phases to effectively form a balanced three-phase system.

¢ They use synchronous machines for generation of electricity. Prime
movers convert the primary sources of energy (fossil, nuclear, and
hydraulic) to mechanical energy that is, in turn, converted to electri-
cal energy by synchronous generators.
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Figure 3.13 Basic elements of a power system.

¢ They transmit power over significant distances to consumers spread
over a wide area. This requires a transmission system comprising
subsystems operating at different voltage levels.

Figure 3.13 illustrates the basic elements of a modern power system.
Electric power is produced at generating stations (GSs) and transmitted to
consumers through a complex network of individual components, includ-
ing transmission lines, transformers, and switching devices.

This section provides a general overview of conventional power gen-
eration systems, then discusses the electric power transmission and dis-
tribution systems, introduces power system analysis, and finally describes
the power system active and reactive powers control.

3.4.1 Conventional Power Generation

Electricity is produced by generators that convert mechanical energy
into electrical energy when large coils are rotated in a powerful mag-
netic field. Power generation from fossil fuel sources such as petroleum,
natural gas, or coal and from large-scale hydroelectric power and nuclear
power generation are considered conventional sources. About 80%
of commercial power comes from turbine engines powered by steam
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produced by burning fossil fuels; about 9% is produced using steam
from nuclear reactors; about 6% comes from conventional hydroelectric
conversion; and about 4% comes from renewable sources (solar, wind,
and geothermal). Power plants typically produce between 500 and 900
megawatts of power, or enough to supply the needs of 500,000 to 1 mil-
lion households. Larger plants require special metals and fabrication and
require more downtime for maintenance, and smaller units aren’t as eco-
nomical to operate.

The output of the generation plant is stepped up to a high voltage
(typically 155,000 to 765,000 volts) at the transmission substation for con-
nection to the power distribution grid. The grid transports power from
multiple power stations to local distribution systems for delivery to homes
and businesses.

3.4.2  Electric Power Transmission

Electric power transmission, a process in the delivery of electricity to con-
sumers, is the bulk transfer of electrical power. The transmission system
interconnects all major generating stations and main load centers in the
system. It forms the backbone of the integrated power system and oper-
ates at the highest voltage levels (typically, 230 kV and above). The genera-
tor voltages are usually in the range of 11 to 35 kV. These are stepped up to
the transmission voltage level, and power is transmitted to transmission
substations where the voltages are stepped down to the subtransmission
level (typically, 69 kV to 138 kV). The generation and subtransmission sub-
systems are often referred to as the bulk power system. Capacitor banks
and reactor banks are usually installed in the substations for maintaining
the transmission line voltage. The elementary diagram of a transmission
system is shown in Figure 3.13.

Electric power is transferred from generating stations to consum-
ers through overhead lines and cables. Overhead lines are used for long
distances in open country and rural areas, whereas cables are used for
underground transmission in urban areas and for underwater crossings.
For the same rating, cables are 10 to 15 times more expensive than over-
head lines and are used only in special situations where overhead lines
cannot be used; the distance in such applications is short.

Transmission lines vary from a few kilometers long in an urban envi-
ronment to over 1,000 km for lines carrying power from remote hydro-
electric plants. They may differ greatly in the amount of power carried.
Because requirements vary, many technical, economic, and environmen-
tal factors must be considered when new lines are planned.

The basic modes of transmission are DC and AC. In direct current, the
current flows in one direction only; in alternating current it reverses its
direction many times per second. It is difficult to transform direct current
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from one voltage to another; hence, initially DC had to be transmitted at
the low voltage at which it was generated and used. This fact limited its
applicability: If transmission of large amounts of electricity or transmis-
sion over long distances was required, the cost of the conductor (copper
wire) was prohibitive. Alternating current may be generated at a low volt-
age, boosted to a higher voltage by a transformer, transmitted, and con-
verted back to a lower voltage before use. Consequently, following the
development of the transformer in the 1890s, most electricity was trans-
mitted as AC.

However, DC transmission has a number of advantages and is being
more widely used. For example, a DC line, requiring only two conduc-
tors instead of the three needed for an AC line, costs about two-thirds
as much. Further, in DC transmission the effective voltage is equal to
the peak voltage, whereas in AC transmission the peak voltage is 40%
higher. Since radio interference increases with the peak voltage and
decreases as the conductor size is increased, the DC system can carry
a higher effective voltage than an AC line of equivalent size and still
maintain an acceptable radio interference level. Thus, in some long lines
carrying bulk power from remote generating sites, power is generated
as AC, boosted to a high voltage, converted to DC for transmission, then
reconverted to AC and transformed to a lower voltage for use. The cost of
the converter stations at either end is offset by the lower cost of the line.
DC transmission is also advantageous for transmitting power through
submarine cables.

Overhead power lines have three major components: support struc-
ture, insulation, and conductors. Support structures can be wooden poles,
free-standing steel towers, or guyed towers of steel or aluminum. Glass
or porcelain suspension insulators have traditionally separated the live
conductors from the grounded towers. Each insulator consists of a metal
cap on top and a metal pin underneath separated by the glass or porce-
lain insulation. These units are used to form insulator strings that vary
in length depending on the voltage level and application. Several strings
may be used in parallel to carry the weight of the conductors. For 735 kV,
about 30 insulators are used. New types of insulators have been devel-
oped using polymers; field testing and full-scale use became more preva-
lent during the 1980s. In the early days of electrical transmission, copper
was used extensively as a conductor, but now virtually all conductors are
aluminum. Each conductor is made of many strands (1-5 mm in diameter)
combined to give an overall diameter of 4-50 mm. In most conductors,
steel or a high-strength aluminum alloy is used for the core strands to
give the conductor added strength. In a transmission line, up to four con-
ductors may be used in parallel to form a conductor bundle.
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Table 3.3 Typical Overhead Transmission Line Parameters

Nominal Voltage 230 kV 345 kV 500 kV 765 kV 1,100 kV
R (/km) 0.050 0.037 0.028 0.012 0.005
x, = oL (Q/km) 0.488 0.367 0.325 0.329 0.292
be = oC (us/km) 3.371 4.518 5.200 4978 5.544
o (nepers/km) 0.000067  0.000066 0.000057 0.000025 0.000012
B (rad/km) 0.00128  0.00129  0.00130  0.00128  0.00127
Z:(Q) 380 285 250 257 230
SIL (MW) 140 420 1000 2280 5260
Charging MVA /km 0.18 0.54 1.30 2.92 6.71
=V?bc

Note: SIL and charging MVA are three-phase values.

2 Rated frequency is assumed to be 60 Hz.
® Bundled conductors used for all lines listed except for the 230 kV line.
¢ R, x;, and b. are per-phase values.

3.4.2.1 Line Parameters for Overhead Transmission Line

A transmission line is characterized by four parameters: (1) series resis-
tance R due to the conductor resistivity; (2) shunt conductance G due to
leakage currents between the phases and ground; (3) series inductance
L due to the magnetic field surrounding the conductors; and (4) shunt
capacitance C due to the electric field between conductors. Table 3.3 gives
typical parameters of overhead lines of nominal voltage ranging from 230
kV to 1,100 kV [2].

3.4.3 Electric Power Distribution

The electric power distribution system represents the final stage in the
transfer of power to the individual customers. It comprises those parts
of an electric power system between the subtransmission system and the
consumers’ service switches. It includes distribution substations; primary
distribution feeders; distribution transformers; secondary circuits, includ-
ing the services to the consumer; and appropriate protective and control
devices. Sometimes, the subtransmission system is also included in the
definition. The elementary diagram of a distribution system is shown in
Figure 3.13.

The subtransmission circuits of a typical distribution system
deliver electric power from bulk power sources to the distribution sub-
stations. The subtransmission voltage is usually between 34.5 and 138
kV. The distribution substation, which is made up of power transform-
ers together with the necessary voltage-regulating apparatus, busbars,
and switchgear, reduces the subtransmission voltage to a lower pri-
mary system voltage for local distribution. The three-phase primary
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feeder, which usually operates at voltages from 4.16 to 34.5 kV, distrib-
utes electric power from the low-voltage bus of the substation to its
load center, where it branches into three-phase subfeeders and three-
phase and occasionally single-phase laterals. Small industrial custom-
ers are supplied by primary feeders at this voltage level. The secondary
distribution feeders supply residential and commercial customers at
120/240 V.

Most of the three-phase distribution system lines consist of three-
phase conductors and a common or neutral conductor, making a total of
four wires. Single-phase branches (made up of two wires) supplied from
the three-phase mains provide power to residences, small stores, and
farms. Loads are connected in parallel to common power-supply circuits.

3.4.4 Power System Analysis

Modern power systems have grown larger and more geographically
expansive with many interconnections between neighboring systems.
Proper planning, operation, and control of such large systems require
advanced computer-based techniques. Power system analysis is an impor-
tant tool for evaluating the future development and needed investments
in the electricity sector. It can assist power companies, national authorities,
and decision makers prepare analyses of large and complex power sys-
tems. The power sector analyses can be used to evaluate the consequences
of making psychical changes in power systems. This may, for instance,
have to do with the closure of existing power plants, the establishment of
new power plants, or increased transmission capacity between regions or
countries. Power system analysis provides an active knowledge of various
numerical techniques that can be applied to the solution of large intercon-
nected power systems.
Power system analysis includes the study of the following;:

1. The development of power systems and major components in the
power system

2. Three-phase power systems

3. The steady-state presentation and modeling of synchronous
machines and transformers

4. Transmission line parameters and their calculations

5. Transmission line modeling and the performance and compensation
of transmission lines

6. Network models based on the admittance and impedance
representations

7. The power flow problem of a system during normal operation

8. Economic dispatch and the basics of unit commitment
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9. Symmetrical and unsymmetrical components
10. Balanced and unbalanced faults analysis
11. Power system state estimation
12. Contingency analysis
13. Power system controls
14. Power system stability problem

3.4.5 Power Flow Study

In power engineering, the power flow study (also known as load flow
study) is an important tool involving numerical analysis applied to a
power system. Unlike traditional circuit analysis, a power flow study
usually uses simplified notation such as a one-line diagram and per-unit
system and focuses on various forms of AC power (i.e,, reactive, real, and
apparent) rather than voltage and current. It analyzes the power systems
in normal steady-state operation. There exist a number of software imple-
mentations of power flow studies.

In addition to a power flow study, sometimes called the base case,
many software implementations perform other types of analyses, such
as short-circuit fault analysis and economic analysis. In particular, some
programs use linear programming to find the optimal power flow, the
conditions that give the lowest cost per kilowatt-hour delivered.

Power flow or load flow studies are important for planning future
expansion of power systems as well as for determining the best operation
of existing systems. The principal information obtained from the power
flow study is the magnitude and phase angle of the voltage at each bus
and the real and reactive power flowing in each line. Commercial power
systems are usually too large to allow for hand solution of the power
flow.

The goal of a power flow study is to obtain complete voltage angle and
magnitude information for each bus in a power system for specified load
and generator real power and voltage conditions. Once this information is
known, real and reactive power flow on each branch as well as generator
reactive power output can be analytically determined. Due to the nonlin-
ear nature of this problem, numerical methods are employed to obtain a
solution that is within an acceptable tolerance.

The solution to the power flow problem begins with identifying the
known and unknown variables in the system. The known and unknown
variables are dependent on the type of bus. A bus without any generators
connected to it is called a load bus. With one exception, a bus with at least
one generator connected to it is called a generator bus. The exception is one
arbitrarily selected bus that has a generator. This bus is referred to as the
slack bus.
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3.4.6  Per-Unit System and Base Quantities

In power system computations, great simplifications can be realized by
employing a system in which the electrical quantities are expressed as per
units of properly chosen base quantities. The per-unit value of any quan-
tity is defined as the ratio of the actual value to its base value [4].

In an electrical circuit, voltage, current, volt-ampere, and impedance
are so related that selection of base values of any two of them determines
the base values for the remaining two. Usually, base kVA (or MVA) and
base voltage in kV are the quantities selected to specify the base. For sin-
gle-phase systems—or three-phase systems where the term current refers
to line current, the term voltage refers to voltage to neutral, and the term
kVA refers to kVA per phase—the following formulas relate the various
quantities:

Base current in amperes = base kVA/base voltage in kV (312
Base impedance in ohms = base voltage in volts/base current in amperes
= (base voltage in kV)? x 1000/base KVA
= (base voltage in kV)?/base MVA (3.13)
Base power in kW = base kVA
Base power in MW = base MVA
Per unit quantity = actual quantity/base quantity (3.14)

Occasionally a quantity may be given in percent, which is obtained
by multiplying the per-unit quantity by 100. Base impedance and base
current can be computed directly from three-phase values of base kV
and base kVA. If we interpret base kVA and base voltage in kV to mean
base kVA for the total of the three phases and base voltage from line to
line, then

Base current in amperes = base kVA/ (V3 x base voltage in kV} (3.15)
Base impedance in ohms = {(base voltage in kV/Y3)2 x1000}/base kVA /3

= {(base voltage in kV)? x 1000}/base kVA

= (base voltage in kV)?/base MVA (3.16)

Therefore, the same equation for base impedance is valid for either
single-phase or three-phase circuits. In the three-phase case line-to-line
kV must be used in the equation with three-phase kVA or MVA. Line-to-
neutral kV must be used with kVA or MVA per phase.
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3.4.6.1 Change of Bases

Per-unit impedance of a circuit element = {(actual impedance in ohms)
x (base kVA)}/{(base voltage in kV)? x 1000} (3.17)

which shows that per unit impedance is directly proportional to the
base kVA and inversely proportional to the square of the base voltage.
Therefore, to change from per unit impedance on a given base to per unit
impedance on a new base, the following equation applies:

base kV;yen ? base kVA ..,
base kV,.., base kVA e

Per unit Z,,, = Per unit Z;, (3.18)

When the resistance and reactance of a device are given by the man-
ufacturer in percent or per unit, the base is understood to be the rated
kVA and kV of the apparatus. The ohmic values of resistance and leakage
reactance of a transformer depend on whether they are measured on the
high- or low-voltage side of the transformer. If they are expressed in per
unit, the base kVA is understood to be the kVA rating of the transformer.
The base voltage is understood to be the voltage rating of the side of the
transformer where the impedance is measured.

Z =
LT KV,

x Zir (3.19)

where Z;; and Zy;; are the impedances referred to the low-voltage and
high-voltage sides of the transformer, respectively, and kV, and kV,; are
the rated low-voltage and high-voltage of the transformer, respectively.

(kVL /kVH)2 X ZHT X kVA
(KV, > x 1000

_ Zyr xkVA
(kV,;)? x 1000

. Zir in per unit =

= Z;r In per unit

A great advantage in making per-unit computations is realized by the
proper selection of different voltage bases for circuits connected to each
other through a transformer. To achieve the advantage, the voltage bases
for the circuits connected through the transformer must have the same
ratio as the turns ratio of the transformer windings.
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3.4.6.2 Per-Unit and Percent Admittance

Zoiom 1 and Y = e
Ymhu Z
Base admittance YV, = — = Mvng (3.20)
Z, KV,
2
Y=Ly Ky 2 1 (3.21)
Y, MVA, zZ 7,
Zpercent = Zpu x100, Ypercent = Ypu x100
4
Ny = x100= 0. (3.22)
Zpu percent
P=+3VIcos , Q=+3VIsin
A M =Vl cos
BV,
(3.23)
J3VIsin

Qu=7=vulusm
P BV, pulp

3.4.7  Faults in Power Systems

In an electric power system, a fault is any abnormal flow of electric
current. For example, a short circuit is a fault in which current flow
bypasses the normal load. An open-circuit fault occurs if a circuit
is interrupted by some failure. In three-phase systems, a fault may
involve one or more phases and ground or may occur only between
phases. In a ground fault or earth fault, current flows into the earth. The
prospective short-circuit current of a fault can be calculated for power
systems. In power systems, protective devices detect fault conditions
and operate circuit breakers and other devices to limit the loss of ser-
vice due to a failure [9-10].
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In a polyphase system, a fault that affects all phases equally is known
as a symmetrical fault. If only some phases are affected, the asymmetrical
fault requires use of methods such as symmetrical components for analy-
sis, since the simplifying assumption of equal current magnitude in all
phases is no longer applicable.

3.4.71 Transient Fault
A transient fault is a fault that is no longer present if power is discon-
nected for a short time. Many faults in overhead power lines are transient
in nature. At the occurrence of a fault, power system protection operates
to isolate the area of the fault. A transient fault will then clear, and the
power line can be returned to service. Typical examples of transient faults
include the following:

e Momentary tree contact
Bird or other animal contact
Lightning strike

Conductor clash

In electricity transmission and distribution systems, an automatic
reclose function is commonly used on overhead lines to attempt to
restore power in the event of a transient fault. This functionality is not
as common on underground systems because faults there are typically
of a persistent nature. Transient faults may still cause damage both at
the site of the original fault or elsewhere in the network as a fault cur-
rent is generated.

3.4.7.2 Persistent Fault
A persistent fault does not disappear when power is disconnected. Faults
in underground power cables are often persistent. Underground power
lines are not affected by trees or lightning, so faults, when they occur, are
probably due to damage. In such cases, if the line is reconnected it is likely
to be damaged only further.

3.4.7.3 Symmetrical Fault

A symmetrical or balanced fault affects each of the three phases equally.
In transmission line faults, roughly 5% are symmetrical. This is in contrast
to an asymmetrical fault, where the three phases are not affected equally.
In practice, most faults in power systems are unbalanced. With this in
mind, symmetrical faults can be viewed as somewhat of an abstraction;
however, since asymmetrical faults are difficult to analyze, their analysis
is built up from a thorough understanding of symmetrical faults.
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3.4.74  Asymmetrical Fault
An asymmetrical or unbalanced fault does not affect each of the three
phases equally. Common types of asymmetric faults and their causes are
as follows:

e Line-to-line: A short circuit between lines, caused by ionization of
air or when lines come into physical contact, for example, due to a
broken insulator

e Line-to-ground: A short circuit between one line and ground, very
often caused by physical contact, for example, due to lightning or
other storm damage

¢ Double line-to-ground: Two lines come into contact with the ground
(and each other), also commonly due to storm damage

3.4.7.5 Analysis
Symmetrical faults can be analyzed via the same methods as any other
phenomena in power systems, and in fact many software tools exist to
accomplish this type of analysis automatically (see Section 3.4.5). However,
another method is as accurate and is usually more instructive.

First, some simplifying assumptions are made. It is assumed that all
electrical generators in the system are in phase and are operating at the
nominal voltage of the system. Electric motors can also be considered to
be generators, because when a fault occurs they usually supply rather
than draw power. The voltages and currents are then calculated for this
base case.

Next, the location of the fault is considered to be supplied with a nega-
tive voltage source, equal to the voltage at that location in the base case,
while all other sources are set to zero. This method makes use of the prin-
ciple of superposition.

To obtain a more accurate result, these calculations should be per-
formed separately for three separate time ranges:

e Subtransient is first and is associated with the largest currents.
* Transient comes between subtransient and steady-state.
® Steady-state occurs after all the transients have had time to settle.

An asymmetrical fault breaks the underlying assumptions used in
three-phase power, namely, that the load is balanced on all three phases.
Consequently, it is impossible to directly use tools such as the one-line
diagram, where only one phase is considered. However, due to the linear-
ity of power systems, it is commonplace to consider the resulting voltages
and currents as a superposition of symmetrical components, to which
three-phase analysis can be applied.
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In the method of symmetrical components, the power system is seen
as a superposition of three components:

* A positive-sequence component, in which the phases are in the same
order as the original system: a-b—c

* A negative-sequence component, in which the phases are in the
opposite order as the original system: a—c-b

* A zero-sequence component, which is not truly a three-phase sys-
tem but instead all three phases are in phase with each other.

To determine the currents resulting from an asymmetrical fault,
one must first know the per-unit zero-, positive-, and negative-sequence
impedances of the transmission lines, generators, and transformers
involved. Three separate circuits are then constructed using these imped-
ances. The individual circuits are next connected together in a particular
arrangement that depends on the type of fault being studied (this can be
found in most power systems textbooks) [1-5]. Once the sequence circuits
are properly connected, the network can then be analyzed using classical
circuit analysis techniques. The solution results in voltages and currents
that exist as symmetrical components; these must be transformed back
into phase values by using the A matrix.

Analysis of the prospective short-circuit current is required for selec-
tion of protective devices such as fuses and circuit breakers. If a circuit is
to be properly protected, the fault current must be high enough to operate
the protective device within as short a time as possible; also, the protec-
tive device must be able to withstand the fault current and extinguish any
resulting arcs without itself being destroyed or sustaining the arc for any
significant length of time.

The magnitudes of fault currents differ widely depending on the type
of earthing system used, the installation’s supply type and earthing sys-
tem, and its proximity to the supply. For example, for a 230 V, 60 A, or 120
V/240 V supply, fault currents may be a few thousand amperes. Large low-
voltage networks with multiple sources may have fault levels of 300,000
amperes. A high-resistance-grounded system may restrict line-to-ground
fault current to only 5 amperes. Prior to selecting protective devices, pro-
spective fault current must be measured reliably at the origin of the instal-
lation and at the farthest point of each circuit, and this information could
be applied properly to the application of the circuits.

3.4.7.6  Detecting and Locating Faults
Locating faults in a cable system can be done either with the circuit deen-
ergized or in some cases with the circuit under power. Fault location tech-
niques can be broadly divided into terminal methods, which use voltages
and currents measured at the ends of the cable, and tracer methods, which
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require inspection along the length of the cable. Terminal methods can be
used to locate the general area of the fault to expedite tracing on a long or
buried cable.

In very simple wiring systems, the fault location is often found
through visual inspection of the wires. In complex wiring systems (e.g.,
aircraft wiring) where the electrical wires may be hidden behind cabi-
nets and extended for miles, wiring faults are located with a time-domain
reflectometer, which sends a pulse down the wire and then analyzes the
returning reflected pulse to identify faults within the electrical wire.

In historic submarine telegraph cables, sensitive galvanometers
were used to measure fault currents; by testing at both ends of a faulted
cable, the fault location could be isolated to within a few miles, which
allowed the cable to be grappled up and repaired. The Murray loop
and the Varley loop were two types of connections for locating faults
in cables.

Sometimes an insulation fault in a power cable will not show up at
lower voltages. A “thumper” test set applies a high-energy, high-voltage
pulse to the cable. Fault location is done by listening for the sound of the
discharge at the fault. Although this test contributes to damage at the
cable site, it is practical because the faulted location would have to be rein-
sulated when found in any case.

In a high-resistance grounded distribution system, a feeder may
develop a fault-to-ground but the system continues in operation. The
faulted, but energized, feeder can be found with a ring-type current trans-
former collecting all the phase wires of the circuit; only the circuit con-
taining a fault-to-ground will show a net unbalanced current. To make
the ground fault current easier to detect, the grounding resistor of the sys-
tem may be switched between two values so that the fault current pulses.

3.4.8 Power System Stability

Successful operation of a power system depends largely on the engineer’s
ability to provide reliable and uninterrupted service to the consumers.
In other words, the power system operator must maintain a very high
standard of continuous electrical service. Power system stability may
be defined as the property of the system that enables the synchronous
machines of the system to respond to a disturbance from a normal oper-
ating condition to return to a condition where their operation is again
normal. Instability in a power system may be manifested in many dif-
ferent ways depending on the system configuration and operating mode.
Traditionally, the stability problem has been one of maintaining synchro-
nous operation. Since power systems rely on synchronous machines for
generation of electrical power, a necessary condition for satisfactory sys-
tem operation is that all synchronous machines remain in synchronism
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or, colloquially, “in step.” This aspect of stability is influenced by the
dynamics of generator rotor angles and power—angle relationships. This
chapter presents an overview of the power system stability phenomena
including physical concepts, classification, and definition of related terms.

3.4.8.1 Classification of Stability
Stability studies are usually classified into three types depending on the
nature and order of magnitude of the disturbance. These are rotor angle
stability, frequency stability, and voltage stability [9].

3.4.8.1.1 Rotor Angle Stability Rotor angle stability refers to the
ability of synchronous machines of an interconnected power system to
remain in synchronism after being subjected to a disturbance. It depends
on the ability to maintain and restore equilibrium between electromag-
netic torque and mechanical torque of each synchronous machine in the
system. Instability that may result occurs in the form of increasing angu-
lar swings of some generators leading to their loss of synchronism with
other generators.

The rotor angle stability problem involves the study of the elec-
tromechanical oscillations inherent in power systems. A fundamental
factor in this problem is the manner in which the power outputs of syn-
chronous machines vary as their rotor angles change. Under steady-state
conditions, there is equilibrium between the input mechanical torque
and the output electromagnetic torque of each generator, and the speed
remains constant. If the system is perturbed, this equilibrium is upset,
resulting in acceleration or deceleration of the rotors of the machines
according to the laws of motion of a rotating body. If one generator
temporarily runs faster than another, the angular position of its rotor
relative to that of the slower machine will advance. The resulting angu-
lar difference transfers part of the load from the slow machine to the
fast machine, depending on the power—angle relationship. This tends
to reduce the speed difference and hence the angular separation. The
power—angle relationship is highly nonlinear. Beyond a certain limit, an
increase in angular separation is accompanied by a decrease in power
transfer such that the angular separation is increased further. Instability
results if the system cannot absorb the kinetic energy corresponding
to these rotor speed differences. For any given situation, the stability
of the system depends on whether the deviations in angular positions
of the rotors result in sufficient restoring torques. Loss of synchronism
can occur between one machine and the rest of the system, or between
groups of machines, with synchronism maintained within each group
after separating from each other. The change in electromagnetic torque
of a synchronous machine following a perturbation can be resolved into
two components:
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® Synchronizing torque component, in phase with rotor angle deviation.
* Damping torque component, in phase with the speed deviation.

System stability depends on the existence of both components of
torque for each of the synchronous machines. Lack of sufficient synchro-
nizing torque results in aperiodic or nonoscillatory instability, whereas lack
of damping torque results in oscillatory instability.

For convenience in analysis and for gaining useful insight into the
nature of stability problems, it is useful to characterize rotor angle stabil-
ity in terms of the following two subcategories:

1. Small-disturbance (or small-signal) rotor angle stability is concerned
with the ability of the power system to maintain synchronism under
small disturbances. The disturbances are considered to be suffi-
ciently small that linearization of system equations is permissible
for purposes of analysis.

a. Small-disturbance stability depends on the initial operating state
of the system. Instability that may result can be of two forms:

i. Increase in rotor angle through a nonoscillatory or aperiodic
mode due to lack of synchronizing torque

ii. Rotor oscillations of increasing amplitude due to lack of suf-
ficient damping torque.

b. In today’s power systems, small-disturbance rotor angle stabil-
ity problems are usually associated with insufficient damping of
oscillations. The aperiodic instability problem has been largely
eliminated by use of continuously acting generator voltage reg-
ulators; however, this problem can still occur when generators
operate with constant excitation when subjected to the actions of
excitation limiters (field current limiters).

c. Small-disturbance rotor angle stability problems may be either
local or global in nature. Local problems involve a small part of
the power system and are usually associated with rotor angle
oscillations of a single power plant against the rest of the power
system. Such oscillations are called local plant mode oscillations.
Stability (damping) of these oscillations depends on the strength
of the transmission system as seen by the power plant, generator
excitation control systems, and plant output.

d. Global problems are caused by interactions among large groups
of generators and have widespread effects. They involve oscil-
lations of a group of generators in one area swinging against a
group of generators in another area. Such oscillations are called
interarea-mode oscillations. Their characteristics are very com-
plex and significantly differ from those of local plant mode
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oscillations. Load characteristics, in particular, have a major
effect on the stability of interarea modes.

e. The time frame of interest in small-disturbance stability studies
is on the order of 10 to 20 seconds following a disturbance.

2. Large-disturbance rotor angle stability or transient stability, as it is com-
monly referred to, is concerned with the ability of the power system
to maintain synchronism when subjected to a severe disturbance,
such as a short circuit on a transmission line. The resulting system
response involves large excursions of generator rotor angles and is
influenced by the nonlinear power—angle relationship.

a. Transient stability depends on both the initial operating state
of the system and the severity of the disturbance. Instability is
usually in the form of aperiodic angular separation due to insuf-
ficient synchronizing torque, manifesting as first swing instability.
However, in large power systems, transient instability may not
always occur as first swing instability associated with a single
mode; it could be a result of superposition of a slow interarea
swing mode and a local-plant swing mode causing a large excur-
sion of rotor angle beyond the first swing. It could also be a result
of nonlinear effects affecting a single mode causing instability
beyond the first swing.

b. The time frame of interest in transient stability studies is usu-
ally 3 to 5 seconds following the disturbance. It may extend to
10 to 20 seconds for very large systems with dominant interarea
swings. Small-disturbance rotor angle stability and transient sta-
bility are categorized as short-term phenomena.

c. Transient stability limit: Refers to the maximum flow of power
possible through a point in the system without the loss of stabil-
ity when a sudden disturbance occurs.

d. Critical clearing time: Related to transient stability; the maxi-
mum time between the fault initiation and its clearing such that
the power system is transiently stable. This includes relay and
breaker operating times and possibly the time elapsed for the
trip signal to reach the other end breaker. Clearing times are in
the range of a few power-frequency cycles in modern power sys-
tems employing high-speed circuit breakers (one-cycle breakers
are in service) and solid-state relays.

e. Dynamic and steady-state stability studies are less extensive in scope
and involve one or just a few machines undergoing slow or gradual
changes in operating conditions. Therefore, dynamic and steady-
state stability studies concern the stability of the locus of essentially
steady-state operating points of the system. The distinction made
between steady-state and dynamic stability studies is really artificial
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since the stability problems are the same in nature; they differ only
in the degree of detail used to model the machines. In dynamic sta-
bility studies, the excitation system and turbine-governing system
are represented, along with synchronous machine models, which
provide for flux-linkage variation in the machine air-gap. Steady-
state stability problems use a very simple generator model that treats
the generator as a constant voltage source.

3.4.8.1.2 Frequency Stability Frequency stability refers to the ability
of a power system to maintain steady frequency following a severe system
upset resulting in a significant imbalance between generation and load. It
depends on the ability to maintain and restore equilibrium between system
generation and load with minimum unintentional loss of load. Instability
that may result occurs in the form of sustained frequency swings leading to
tripping of generating units or loads.

Severe system upsets generally result in large excursions of frequency,
power flows, voltage, and other system variables, thereby invoking the
actions of processes, controls, and protections that are not modeled in con-
ventional transient stability or voltage stability studies. These processes
may be very slow, such as boiler dynamics, or triggered only for extreme
system conditions, such as volts/hertz protection tripping generators.

In large interconnected power systems, this type of situation is most
commonly associated with conditions following splitting of systems into
islands. Stability in this case is a question of whether each island will reach
a state of operating equilibrium with minimal unintentional loss of load.
It is determined by the overall response of the island as evidenced by its
mean frequency rather than relative motion of machines. Generally, fre-
quency stability problems are associated with inadequacies in equipment
responses, poor coordination of control and protection equipment, or insuf-
ficient generation reserve. Examples of such problems are reported in refer-
ences. In isolated island systems, frequency stability could be of concern for
any disturbance causing a relatively significant loss of load or generation.

During frequency excursions, the characteristic times of the pro-
cesses and devices that are activated will range from fraction of seconds,
corresponding to the response of devices such as underfrequency load
shedding and generator controls and protections, to several minutes, cor-
responding to the response of devices such as prime mover energy supply
systems and load voltage regulators. Therefore, frequency stability may
be considered a short-term phenomenon or a long-term phenomenon.

An example of short-term frequency instability is the formation of an
undergenerated island with insufficient underfrequency load shedding
such that frequency decays rapidly causing blackout of the island within
a few seconds. On the other hand, more complex situations in which
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frequency instability is caused by steam turbine overspeed controls or
boiler/reactor protection and controls are longer-term phenomena with
the time frame of interest ranging from tens of seconds to several minutes.

During frequency excursions, voltage magnitudes may change sig-
nificantly, especially for islanding conditions with underfrequency load
shedding that unloads the system. Voltage magnitude changes, which
may be higher in percentage than frequency changes, affect the load—gen-
eration imbalance.

High voltage may cause undesirable generator tripping by poorly
designed or coordinated loss of excitation relays or volts/hertz relays. In
an overloaded system, low voltage may cause undesirable operation of
impedance relays.

3.4.8.1.3 Voltage Stability Voltage stability refers to the ability of a
power system to maintain steady voltages at all buses in the system after
being subjected to a disturbance from a given initial operating condition.
It depends on the ability to maintain and restore equilibrium between
load demand and load supply from the power system. Instability that
may result occurs in the form of a progressive fall or rise of voltages of
some buses. A possible outcome of voltage instability is loss of load in an
area or tripping of transmission lines and other elements by their protec-
tive systems leading to cascading outages. Loss of synchronism of some
generators may result from these outages or from operating conditions
that violate field current limit. Progressive drop in bus voltages can also
be associated with rotor angle instability. For example, the loss of syn-
chronism of machines as rotor angles between two groups of machines
approach 180 causes rapid drop in voltages at intermediate points in the
network close to the electrical center. Normally, protective systems oper-
ate to separate the two groups of machines and the voltages recover to lev-
els depending on the postseparation conditions. If, however, the system
is not so separated, the voltages near the electrical center rapidly oscillate
between high and low values as a result of repeated pole slips between the
two groups of machines. In contrast, the type of sustained fall of voltage
that is related to voltage instability involves loads and may occur where
rotor angle stability is not an issue.

The term voltage collapse is also often used. It is the process by which
the sequence of events accompanying voltage instability leads to a black-
out or abnormally low voltages in a significant part of the power system.
Stable (steady) operation at low voltage may continue after transformer
tap changers reach their boost limit, with intentional or unintentional
tripping of some load. Remaining load tends to be voltage sensitive, and
the connected demand at normal voltage is not met.

The driving force for voltage instability is usually the loads; in
response to a disturbance, power consumed by the loads tends to be
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restored by the action of motor slip adjustment, distribution voltage
regulators, tap-changing transformers, and thermostats. Restored loads
increase the stress on the high-voltage network by increasing the reactive
power consumption and causing further voltage reduction. A rundown
situation causing voltage instability occurs when load dynamics attempt
to restore power consumption beyond the capability of the transmission
network and the connected generation.

A major factor contributing to voltage instability is the voltage drop
that occurs when active and reactive power flow through inductive
reactances of the transmission network; this limits the capability of the
transmission network for power transfer and voltage support. The power
transfer and voltage support are further limited when some of the genera-
tors hit their field or armature current time-overload capability limits.

Voltage stability is threatened when a disturbance increases the
reactive power demand beyond the sustainable capacity of the available
reactive power resources. Although the most common form of voltage
instability is the progressive drop of bus voltages, the risk of overvoltage
instability also exists and has been experienced at least on one system.
It is caused by a capacitive behavior of the network (extra high voltage
transmission lines operating below surge impedance loading) as well as
by underexcitation limiters preventing generators or synchronous com-
pensators from absorbing the excess reactive power. In this case, the
instability is associated with the inability of the combined generation and
transmission system to operate below some load level. In their attempt to
restore this load power, transformer tap changers cause long-term voltage
instability.

Voltage stability problems may also be experienced at the terminals
of high-voltage direct current (HVDC) links used for either long distance
or back-to-back applications. They are usually associated with HVDC
links connected to weak AC systems and may occur at rectifier or inverter
stations; they are also associated with the unfavorable reactive power
“load” characteristics of the converters. The HVDC link control strate-
gies significantly influence such problems, since the active and reactive
power at the AC-DC junction is determined by the controls. If the result-
ing loading on the AC transmission stresses it beyond its capability, volt-
age instability occurs. Such a phenomenon is relatively fast with the time
frame of interest being on the order of 1 second or less. Voltage instability
may also be associated with converter transformer tap-changer controls,
which is a considerably slower phenomenon. Recent developments in
HVDC technology (voltage source converters and capacitor commutated
converters) have significantly increased the limits for stable operation of
HVDC links in weak systems compared with the limits for line commu-
tated converters.
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One form of voltage stability problem that results in uncontrolled
overvoltages is the self-excitation of synchronous machines. This can arise
if the capacitive load of a synchronous machine is too large. Examples of
excessive capacitive loads that can initiate self-excitation are open-ended
high-voltage lines and shunt capacitors and filter banks from HVDC sta-
tions. The overvoltages that result when generator load changes to capaci-
tive are characterized by an instantaneous rise at the instant of change
followed by a more gradual rise. This latter rise depends on the relation
between the capacitive load component and machine reactances together
with the excitation system of the synchronous machine. Negative field
current capability of the exciter is a feature that has a positive influence on
the limits for self-excitation.

As in the case of rotor angle stability, it is useful to classify voltage
stability into the following subcategories:

o Large-disturbance voltage stability refers to the system’s ability to
maintain steady voltages following large disturbances such as sys-
tem faults, loss of generation, or circuit contingencies. This ability
is determined by the system and load characteristics and the inter-
actions of both continuous and discrete controls and protections.
Determination of large-disturbance voltage stability requires the
examination of the nonlinear response of the power system over
a period of time sufficient to capture the performance and inter-
actions of such devices as motors, under load transformer tap
changers, and generator field-current limiters. The study period of
interest may extend from a few seconds to tens of minutes.

o Small-disturbance voltage stability refers to the system’s ability to main-
tain steady voltages when subjected to small perturbations such as
incremental changes in system load. This form of stability is influ-
enced by the characteristics of loads, continuous controls, and dis-
crete controls at a given instant of time. This concept is useful in
determining, at any instant, how the system voltages will respond
to small system changes. With appropriate assumptions, system
equations can be linearized for analysis thereby allowing computa-
tion of valuable sensitivity information useful in identifying factors
influencing stability. This linearization, however, cannot account for
nonlinear effects such as tap changer controls (deadbands, discrete
tap steps, and time delays). Therefore, a combination of linear and
nonlinear analyses is used in a complementary manner.

As noted already, the time frame of interest for voltage stability prob-
lems may vary from a few seconds to tens of minutes. Therefore, voltage
stability may be either a short-term or a long-term phenomenon.
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* Short-term voltage stability involves dynamics of fast-acting load com-
ponents such as induction motors, electronically controlled loads,
and HVDC converters. The study period of interest is in the order of
several seconds, and analysis requires solution of appropriate sys-
tem differential equations; this is similar to analysis of rotor angle
stability. Dynamic modeling of loads is often essential. In contrast to
angle stability, short circuits near loads are important. It is recom-
mended that the term transient voltage stability not be used.

e Long-term voltage stability involves slower-acting equipment such as
tap-changing transformers, thermostatically controlled loads, and
generator current limiters. The study period of interest may extend
to several or many minutes, and long-term simulations are required
for analysis of system dynamic performance. Stability is usually
determined by the resulting outage of equipment rather than the
severity of the initial disturbance. Instability is due to the loss of
long-term equilibrium (e.g., when loads try to restore their power
beyond the capability of the transmission network and connected
generation), postdisturbance steady-state operating point being
small-disturbance unstable, or a lack of attraction toward the stable
postdisturbance equilibrium (e.g.,, when a remedial action is applied
too late). The disturbance could also be a sustained load buildup (e.g.,
morning load increase). In many cases, static analysis can be used to
estimate stability margins, identify factors influencing stability, and
screen a wide range of system conditions and a large number of sce-
narios. Where timing of control actions is important, this should be
complemented by quasi-steady-state time-domain simulations.

3.4.9 Circuit Breakers

A circuit breaker is an automatically operated electrical switch designed
to protect an electrical circuit from damage caused by overload or short
circuit. Its basic function is to detect a fault condition and, by interrupt-
ing continuity, to immediately discontinue electrical flow. Unlike a fuse,
which operates once and then has to be replaced, a circuit breaker can
be reset (either manually or automatically) to resume normal operation.
Circuit breakers are made in varying sizes, from small devices that pro-
tect an individual household appliance up to large switchgear designed to
protect high-voltage circuits feeding an entire city [2-3].

3.4.9.1 Operation
All circuit breakers have common features in their operation, although
details vary substantially depending on the voltage class, current rat-
ing, and type of circuit breaker. The circuit breaker must detect a fault
condition; in low-voltage circuit breakers this is usually done within the
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breaker enclosure. Circuit breakers for large currents or high voltages are
usually arranged with pilot devices to sense a fault current and to oper-
ate the trip-opening mechanism. The trip solenoid that releases the latch
is usually energized by a separate battery, although some high-voltage
circuit breakers are self-contained with current transformers, protection
relays, and an internal control power source.

Once a fault is detected, contacts within the circuit breaker must open
to interrupt the circuit; some mechanically stored energy (using some-
thing such as springs or compressed air) contained within the breaker is
used to separate the contacts, although some of the energy required may
be obtained from the fault current itself. Small circuit breakers may be
manually operated; larger units have solenoids to trip the mechanism and
electric motors to restore energy to the springs.

The circuit breaker contacts must carry the load current without
excessive heating and must also withstand the heat of the arc produced
when interrupting the circuit. Contacts are made of copper or copper
alloys, silver alloys, and other materials. Service life of the contacts is lim-
ited by the erosion due to interrupting the arc. Miniature and molded
case circuit breakers are usually discarded when the contacts are worn,
but power circuit breakers and high-voltage circuit breakers have replace-
able contacts.

When a current is interrupted, an arc is generated. This arc must
be contained, cooled, and extinguished in a controlled way so that the
gap between the contacts can again withstand the voltage in the circuit.
Different circuit breakers use vacuum, air, insulating gas, or oil as the
medium in which the arc forms. Different techniques are used to extin-
guish the arc, including;:

Lengthening of the arc

Intensive cooling (in jet chambers)

Division into partial arcs

Zero-point quenching—contacts open at the zero current time cross-
ing of the AC waveform, effectively breaking no load current at the
time of opening. The zero crossing occurs at twice the line frequency
(ie., 100 times per second for 50 Hz and 120 times per second for 60
Hz AC)

¢ Connecting capacitors in parallel with contacts in DC circuits

Finally, once the fault condition has been cleared, the contacts must
again be closed to restore power to the interrupted circuit.

3.4.9.2  Arc Interruption
Miniature low-voltage circuit breakers use air alone to extinguish the arc.
Larger ratings will have metal plates or nonmetallic arc chutes to divide
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and cool the arc. Magnetic blowout coils deflect the arc into the arc chute.
In larger ratings, oil circuit breakers rely on vaporization of some of the oil
to blast a jet of oil through the arc.

Gas (usually sulfur hexafluoride) circuit breakers sometimes stretch
the arc using a magnetic field and then rely on the dielectric strength of
the sulfur hexafluoride (SF;) to quench the stretched arc.

Vacuum circuit breakers have minimal arcing (as there is nothing
to ionize other than the contact material), so the arc quenches when it
is stretched a very small amount (<2-3 mm). Vacuum circuit breakers
are frequently used in modern medium-voltage (MV) switchgear to
35,000 volts.

Air circuit breakers may use compressed air to blow out the arc, or,
alternatively, the contacts are rapidly swung into a small sealed chamber,
the escaping of the displaced air thus blowing out the arc.

Circuit breakers are usually able to terminate all current very quickly:
Typically the arc is extinguished between 30 and 150 ms after the mecha-
nism has been tripped, depending on age and construction of the device.

3.4.9.3 Short-Circuit Current
Circuit breakers are rated both by the normal current that they are
expected to carry and the maximum short-circuit current that they can
safely interrupt.

Under short-circuit conditions, a current many times greater than nor-
mal can exist. When electrical contacts open to interrupt a large current,
there is a tendency for an arc to form between the opened contacts, which
would allow the current to continue. This condition can create conductive
ionized gasses and molten or vaporized metal, which can cause further
continuation of the arc, or additional short circuits, which can potentially
result in the explosion of the circuit breaker and the equipment that it is
installed in. Therefore, circuit breakers must incorporate various features
to divide and extinguish the arc.

In air-insulated and miniature breakers an arc-chute structure con-
sisting (often) of metal plates or ceramic ridges cools the arc, and magnetic
blowout coils deflect the arc into the arc chute. Larger circuit breakers
such as those used in electrical power distribution may use a vacuum or
an inert gas such as sulfur hexafluoride or may have contacts immersed
in oil to suppress the arc.

The maximum short-circuit current that a breaker can interrupt is
determined by testing. Application of a breaker in a circuit with a prospec-
tive short-circuit current higher than the breaker’s interrupting capacity
rating may result in failure of the breaker to safely interrupt a fault. In a
worst-case scenario the breaker may successfully interrupt the fault, only
to explode when reset.
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Miniature circuit breakers used to protect control circuits or small
appliances may not have sufficient interrupting capacity to use at a panel
board; these circuit breakers are called supplemental circuit protectors to dis-
tinguish them from distribution-type circuit breakers.

3.4.9.4 Types of Circuit Breakers

Many different classifications of circuit breakers can be made, based on
their features such as voltage class, construction type, interrupting type,
and structural features.

3.4.9.4.1 Low-Voltage Circuit Breakers Low-voltage (less than 1,000
V,c) types are common in domestic, commercial, and industrial applica-
tion and include the following:

e Miniature circuit breaker (MCB)—rated current not more than
100 A. Trip characteristics normally not adjustable. Thermal or
thermal-magnetic operation.

® Molded case circuit breaker (MCCB)—rated current up to 2,500 A.
Thermal or thermal-magnetic operation. Trip current may be adjust-
able in larger ratings.

The characteristics of low-voltage circuit breakers are given by inter-
national standards such as International Electro-technical Commission
(IEC) 947. These circuit breakers are often installed in draw-out enclosures
that allow removal and interchange without dismantling the switchgear.

Large low-voltage molded case and power circuit breakers may have
electrical motor operators, allowing them to be tripped (opened) and
closed under remote control. These may form part of an automatic trans-
fer switch system for standby power.

Low-voltage circuit breakers are also made for DC applications, such
as DC supply for subway lines. Special breakers are required for direct
current because the arc does not have a natural tendency to go out on each
half-cycle as for alternating current. A direct current circuit breaker will
have blow-out coils that generate a magnetic field that rapidly stretches
the arc when interrupting direct current. Small circuit breakers are either
installed directly in equipment or are arranged in a breaker panel.

3.4.9.4.2 Magnetic Circuit Breaker Magnetic circuit breakers use a
solenoid (electromagnet) whose pulling force increases with the current.
Certain designs use electromagnetic forces in addition to those of the
solenoid. The circuit breaker contacts are held closed by a latch. As the
current in the solenoid increases beyond the rating of the circuit breaker,
the solenoid’s pull releases the latch, which then allows the contacts to
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open by spring action. Some types of magnetic breakers incorporate a
hydraulic time-delay feature using a viscous fluid. The core is restrained
by a spring until the current exceeds the breaker rating. During an over-
load, the speed of the solenoid motion is restricted by the fluid. The
delay permits brief current surges beyond normal running current for
motor starting and energizing equipment, for example. Short-circuit
currents provide sufficient solenoid force to release the latch regardless
of core position, thus bypassing the delay feature. Ambient temperature
affects the time delay but does not affect the current rating of a magnetic
breaker.

3.4.9.4.3 Thermal Magnetic Circuit Breaker Thermal magnetic
circuit breakers, which are the type found in most distribution boards,
incorporate both techniques with the electromagnet responding instanta-
neously to large surges in current (short circuits) and the bimetallic strip
responding to less extreme but longer-term overcurrent conditions. The
thermal portion of the circuit breaker provides an inverse time response
feature that provides faster or slower response for larger or smaller over-
currents, respectively.

3.4.9.4.4 Common Trip Breakers Three-pole common trip breakers
for supplying a three-phase device have a 2 A rating. When supplying
a branch circuit with more than one live conductor, each live conductor
must be protected by a breaker pole. To ensure that all live conductors
are interrupted when any pole trips, a common trip breaker must be
used. These either may contain two or three tripping mechanisms within
one case or, for small breakers, may externally tie the poles together via
their operating handles. Two-pole common trip breakers are common on
120/240 volt systems where 240 volt loads (including major appliances or
further distribution boards) span the two live wires. Three-pole common
trip breakers are typically used to supply three-phase electric power to
large motors or further distribution boards.

Two- and four-pole breakers are used when there is a need to discon-
nect the neutral wire to be sure that no current can flow back through
the neutral wire from other loads connected to the same network when
people need to touch the wires for maintenance. Separate circuit breakers
must never be used for disconnecting live and neutral, because if the neu-
tral gets disconnected while the live conductor stays connected, a danger-
ous condition arises: The circuit will appear deenergized (appliances will
not work), but wires will stay live and residual-current devices (RCDs)
will not trip if someone touches the live wire (because RCDs need power
to trip). This is why only common trip breakers must be used when the
neutral wire needs to be switched.
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3.4.9.4.5 Medium-Voltage Circuit Breakers Medium-voltage circuit
breakers rated between 1 and 72 kV may be assembled into metal-enclosed
switchgear line ups for indoor use or may be individual components
installed outdoors in a substation. Air-break circuit breakers replaced oil-
filled units for indoor applications but are now themselves being replaced
by vacuum circuit breakers (up to about 35 kV). Like the high-voltage cir-
cuit breakers described below, these are also operated by current sensing
protective relays operated through current transformers. The character-
istics of MV breakers are given by international standards such as IEC
62271. Medium-voltage circuit breakers nearly always use separate cur-
rent sensors and protective relays, instead of relying on built-in thermal
or magnetic overcurrent sensors.
Medium-voltage circuit breakers can be classified by the medium
used to extinguish the arc:

e Vacuum circuit breaker—With rated current up to 3,000 A, these
breakers interrupt the current by creating and extinguishing the arc
in a vacuum container. These are generally applied for voltages up
to about 35,000 V, which corresponds roughly to the medium-voltage
range of power systems. Vacuum circuit breakers tend to have lon-
ger life expectancies between overhaul than do air circuit breakers.

® Air circuit breaker—Rated current up to 10,000 A. Trip characteristics
are often fully adjustable including configurable trip thresholds and
delays. Usually electronically controlled, though some models are
microprocessor controlled via an integral electronic trip unit. Often
used for main power distribution in large industrial plant, where the
breakers are arranged in draw-out enclosures for ease of maintenance.

* SF, circuit breakers extinguish the arc in a chamber filled with sul-
fur hexafluoride gas.

Medium-voltage circuit breakers may be connected into the circuit
by bolted connections to bus bars or wires, especially in outdoor switch-
yards. Medium-voltage circuit breakers in switchgear line-ups are often
built with draw-out construction, allowing the breaker to be removed
without disturbing the power circuit connections, using a motor-operated
or hand-cranked mechanism to separate the breaker from its enclosure.

3.4.9.4.6 High-Voltage Circuit Breakers Electrical power transmis-
sion networks are protected and controlled by high-voltage breakers. The
definition of high voltage varies but in power transmission work is usu-
ally thought to be 72.5 kV or higher, according to a recent definition by the
International Electro-technical Commission (IEC). High-voltage break-
ers are nearly always solenoid operated, with current sensing protective
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relays operated through current transformers. In substations the protec-
tive relay scheme can be complex, protecting equipment and buses from
various types of overload or ground-earth fault.

High-voltage breakers are broadly classified by the medium used to
extinguish the arc:

Bulk oil
Minimum oil
Air blast
Vacuum

SF,

Due to environmental and cost concerns over insulating oil spills,
most new breakers use SF, gas to quench the arc. Circuit breakers can
be classified as live tank, where the enclosure that contains the breaking
mechanism is at line potential, or dead tank, with the enclosure at earth
potential. High-voltage AC circuit breakers are routinely available with
ratings up to 765 kV, and 1,200 kV breakers are likely to come into market
very soon. High-voltage circuit breakers used on transmission systems
may be arranged to allow a single pole of a three-phase line to trip instead
of tripping all three poles; for some classes of faults this improves the sys-
tem stability and availability.

3.4.9.4.7 Sulfur Hexafluoride (SF6) High-Voltage Circuit Breakers A
sulfur hexafluoride circuit breaker uses contacts surrounded by sulfur
hexafluoride gas to quench the arc. They are most often used for trans-
mission-level voltages and may be incorporated into compact gas-insu-
lated switchgear. In cold climates, supplemental heating or derating of
the circuit breakers may be required due to liquefaction of the SF, gas.

3.4.9.4.8 Other Breakers There are some other types of breakers as
the following:

1. Breakers for protections against earth faults too small to trip an
overcurrent device:

a. Residual-current device (formerly known as a residual-current
circuit breaker): Detects current imbalance but does not provide
over-current protection.

b. Residual current breaker with overcurrent protection (RCBO):
Combines the functions of an RCD and an MCB in one package.
In the United States and Canada, panel-mounted devices that
combine ground (earth) fault detection and overcurrent protec-
tion are called ground fault circuit interrupter (GFCI) breakers;
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a wall-mounted outlet device providing ground fault detection
only is called a Ground Fault Interrupter (GFI).

c. Earth leakage circuit breaker (ELCB): This detects earth current
directly rather than detecting imbalance. It is no longer seen in
new installations for various reasons.

2. Autorecloser: A type of circuit breaker that closes again after a delay.
These are used on overhead power distribution systems to prevent
short duration faults from causing sustained outages.

3. Polyswitch (polyfuse): A small device commonly described as an
automatically resetting fuse rather than a circuit breaker.

3.4.10 Power System Control

The flows of active power and reactive power in a transmission network
are fairly independent of each other and are influenced by different con-
trol actions. Hence, they may be studied separately for a large class of
problems. Active power control is closely related to frequency control, and
reactive power control is closely related to voltage control. Since constancy
of frequency and voltage are important factors in determining the quality
of power supply, it is vital to the satisfactory performance of power sys-
tems to be able to control active and reactive power [10].

3.4.10.1 Active Power-Frequency Control

For satisfactory operation of a power system, the frequency should remain
nearly constant. Relatively close control of frequency ensures constancy
of speed of induction and synchronous motors. Constancy of speed of
motor drives is particularly important for satisfactory performance of
generating units as they are highly dependent on the performance of all
the auxiliary drives associated with the fuel, the feed-water, and the com-
bustion air supply systems. In a network, considerable drop in frequency
could result in high magnetizing currents in induction motors and trans-
formers. The extensive use of electric clocks and the use of frequency
for other timing purposes require accurate maintenance of synchronous
time, which is proportional to integral of frequency. As a consequence, it
is necessary to regulate not only the frequency but also its integral.

The frequency of a system is dependent on active power balance.
Since frequency is a common factor throughout the system, a change in
active power demand at one point is reflected throughout the system by a
change in frequency. Because there are many generators supplying power
into the system, some means must be provided to allocate change in
demand to the generators. A speed governor on each generating unit pro-
vides the primary speed control function, whereas supplementary control
originating at a central control center allocates generation.
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In an interconnected system with two or more independent control
areas in addition to control of frequency, the generation within each area
has to be controlled to maintain scheduled power interchange. The control
of generation and frequency is commonly referred to as load-frequency
control (LFC).

3.4.10.2  Reactive Power-Voltage Control
For efficient and reliable operation of power systems, the control of volt-
age and reactive power should satisfy the following objectives:

1. Voltages at the terminals of all equipment in the system are within
acceptable limits. Both utility equipment and customer equipment
are designed to operate at a certain voltage rating. Prolonged opera-
tion of the equipment at voltages outside the allowable range could
adversely affect their performance and possibly cause them damage.

2. System stability is enhanced to maximize use of the transmission
system. Voltage and reactive power control have a significant impact
on system stability.

3. The reactive power flow is minimized to reduce RI?> and XI? losses
to a practical minimum. This ensures that the transmission system
operates efficiently (i.e., mainly for active power transfer).

The problem of maintaining voltages within the required limits is
complicated by the fact that the power system supplies power to a vast
number of loads and is fed from many generating units. Because loads
vary, the reactive power requirements of the transmission system vary.
This is abundantly clear from the performance characteristics of trans-
mission lines. Since reactive power cannot be transmitted over long
distances, voltage control has to be effected by using special devices
dispersed throughout the system. This is in contrast to the control of
frequency, which depends on the overall system active power balance.
The proper selection and coordination of equipment for controlling
reactive power and voltage are among the major challenges of power
system engineering.

3.4.10.3 Methods of Voltage Control

The control of voltage levels is accomplished by controlling the produc-
tion, absorption, and flow of reactive power at all levels in the system. The
generating units provide the basic means of voltage control; the automatic
voltage regulators control field excitation to maintain a scheduled volt-
age level at the terminals of the generators. Additional means are usually
required to control voltage throughout the system. The devices used for
this purpose may be classified as follows:
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1. Sources or sinks of reactive power, such as shunt capacitors, shunt
reactors, synchronous condensers, and static var compensators
(SVCs)

2. Line reactance compensators, such as series capacitors

3. Regulating transformers, such as tap-changing transformers and
boosters

Shunt capacitors and reactors and series capacitors provide passive
compensation. They are either permanently connected to the transmis-
sion and distribution system or are switched. They contribute to voltage
control by modifying the network characteristics.

Synchronous condensers and SVCs provide active compensation; the
reactive power absorbed and supplied by them is automatically adjusted
to maintain voltages of the buses to which they are connected. Together
with the generating units, they establish voltages at specific points in the
system. Voltages at other locations in the system are determined by active
and reactive power flows through various circuit elements, including the
passive compensation devices.

3.4.10.4 Infinite Bus Concept
The infinite bus, by definition, represents a bus with fixed voltage source.
The magnitude, frequency, and phase of the voltage are unaltered by
changes in the load (output of the generator).

3.5 Power Quality

Power quality is an important aspect of electrical power systems. Power
quality simply means quality of electrical service. Utility, equipment sup-
plier/manufacturer, and consumer are related to power quality issues. A
power quality problem may be defined as any power problems manifested
in voltage, current, or frequency deviations which results in failure or
misoperation of customer equipment. It mostly covers the studies of voltage
sags and interruptions, transient overvoltages, fundamentals of harmonics,
applied harmonics, long-duration voltage variations, interconnectivity of
distributed generation into existing grids, and wiring and grounding.
Power quality can generally be divided into several subcategories,
although one category does not necessarily exclude the other. One type of
power quality issue is transients. Impulsive transients are sudden unde-
sirable unidirectional increase or decrease in steady-state value of voltage
or current usually characterized by rise and decay times. An oscillatory
transient, however, is bidirectional and oscillates between positive and
negative value of the transient. Another kind of power quality concern is
long-duration voltage variations. These can encompass overvoltage and
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undervoltage in addition to sustained interruptions. Short-duration volt-
age variations are also of concern. Short-duration interruptions are often
caused by faults or equipment failures. Short-duration sags or dips can
also be the result of faults on the system or large load increases. A swell
is similar to the sag or dip but is a short-duration increase in voltage or
current. Phase unbalance is also a concern for power quality. Unbalance
can be defined by use of symmetrical components in which the ratio of
zero-sequence components to positive-sequence components defines the
amount of voltage unbalance. Voltage fluctuations occur when there is
a systematic variation of voltage or a series of random changes that do
not exceed normal operating ranges. The term voltage flicker is often used
to describe the variations. Another aspect of the power system subject
to power quality problems is system frequency. Frequency variations are
any deviation from the nominal frequency of the power system.

Waveform distortion is also of great importance to the power quality
of a system. There are many causes of waveform distortion, but they can
be classified into five main types: DC offset, harmonics, interharmonics,
notching, and noise. DC offset can occur when power converters or other
power electronics are subject to a disturbance or some other malfunction
that causes asymmetry in the switching. One of the main concerns with
DC offset is the saturation of magnetic transformer cores. Harmonics are
sinusoidal components of the waveform that are integer multiples of the
fundamental frequency of the waveform. Harmonic content is typically
described by the total harmonic distortion. Interharmonics, however,
are similar to harmonics but occur at noninteger multiples of the fun-
damental frequency. Principal causes of interharmonics include, but are
not limited to, converters, induction furnaces, and arcing devices that can
excite resonances in the system. Notching is also a concern. Notching is a
periodic distortion in the waveform that is caused generally by switching
power converters. Finally, noise can be defined as broadband distortion of
the waveform. It is any undesirable distortion that cannot be classified as
harmonics or transients.

Current state of power quality research is focused on improving the
power quality in both large and small electric grid systems through the
use of next-generation power electronics. The two major problems being
considered are, first, how to improve power quality during and after
fault conditions, and, second, how to improve system robustness and
power quality issues when distributed generators go online or offline.
With the rise of noncentralized power generation as well as microgrids
in ships and other vehicles, maintaining power quality when the num-
ber and location of the grid generators is changing has become increas-
ingly important. Also, since more and more power electronics are being
used in systems to maintain power quality and perform other tasks, the
amount of unwanted harmonics has become a major issue in recent years,
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especially in the case of triplen harmonics, which can cause major prob-
lems in a power system by overloading the neutral line and, if they are
higher frequency, injecting noise into other systems (e.g., telephone lines)
that may be nearby. Another issue that is being researched heavily is the
problem of optimally distributing power quality monitors in a system
and how to use those monitors to locate the source of a power quality
disruption event.

3.6 Chapter Summary

This chapter deals with the basics of DC machines, synchronous machines,
induction machines, transformer, circuit breaker, power system transmis-
sion and distribution, power system control, and electrical power systems
quality. Induction generators, wound-field synchronous generators, per-
manent magnet synchronous generators, and synchronous reluctance gen-
erators are mostly used as wind generators. Their principles of operation,
fundamental characteristics, and parameters are discussed in this chapter.
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chapter 4

Power Electronics

4.1 Introduction

Power electronics is the application of solid-state electronics for the con-
trol and conversion of electric power. Power electronic converters can be
found wherever there is a need to modify a form of electrical energy (i.e.,
change its voltage, current, or frequency). Variable-speed wind generator
systems need a power electronic interface between the generator and the
grid. Even for fixed-speed wind generator systems, when the energy stor-
age system is connected to the grid power electronics devices are essential.
This chapter provides a brief overview and basic understanding of vari-
ous power electronics devices: rectifiers, inverters, direct current (DC)-
to-DC choppers, cycloconverters, pulse width modulation (PWM)-based
voltage source converters (VSCs), and current source inverters (CSIs). For
detailed study, readers are referred to books of power electronics [1-5].

4.2  Power Devices

Power semiconductor devices are semiconductor devices used as switches
in power electronic circuits (e.g.,, switch-mode power supplies). They are
also called power devices or, when used in integrated circuits (ICs), power
ICs. Most power semiconductor devices are used only in commutation
mode (i.e., either on or off) and are therefore optimized for this. Most of
them should not be used in linear operation [1].

Power semiconductor devices first appeared in 1952 with the intro-
duction of the power diode by R. N. Hall. It was made of germanium and
had a voltage capability of 200 volts and a current rating of 35 amperes.
The thyristor appeared in 1957. Thyristors are able to withstand very high
reverse breakdown voltage and are also capable of carrying high current.
One disadvantage of the thyristor for switching circuits is that once it is
“latched on” in the conducting state it cannot be turned off by external
control. The thyristor turn-off is passive; that is, the power must be dis-
connected from the device. The first bipolar transistors devices with sub-
stantial power handling capabilities were introduced in the 1960s. These
components overcame some limitations of the thyristors because they
can be turned on or off with an applied signal. With the improvements
brought about by metal-oxide-semiconductor technology (initially devel-
oped to produce integrated circuits), power metal-oxide-semiconductor
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field-effect transistors (MOSFETs) became available in the late 1970s.
International Rectifier introduced a 25 A, 400 V power MOSFET in 1978.
These devices allow operation at higher frequency than bipolar transistors
but are limited to low-voltage applications. The insulated gate bipolar tran-
sistor (IGBT) developed in the 1980s became widely available in the 1990s.
This component has the power handling capability of the bipolar transis-
tor, with the advantages of the isolated gate drive of the power MOSFET.

Some common power devices are the power diode, thyristor, power
MOSFET, and IGBT. A power diode or MOSFET operates on similar prin-
ciples to its low-power counterpart but is able to carry a larger amount
of current and typically is able to support a larger reverse-bias voltage
in the off state. Structural changes are often made in power devices to
accommodate the higher current density, higher power dissipation, or
higher reverse breakdown voltage. The vast majority of discrete (i.e., non-
integrated) power devices are built using a vertical structure, whereas
small-signal devices employ a lateral structure. With the vertical struc-
ture, the current rating of the device is proportional to its area, and the
voltage-blocking capability is achieved in the height of the die. With this
structure, one of the connections of the device is located on the bottom of
the semiconductor die.

4.3 Rectifier

A rectifier is an electrical device that converts alternating current (AC),
which periodically reverses direction, to direct current, which is in only
one direction, a process known as rectification. Rectifiers have many uses
including as components of power supplies and as detectors of radio sig-
nals. Rectifiers may be made of solid-state diodes, vacuum tube diodes,
mercury arc valves, and other components. When only one diode is used to
rectify AC (by blocking the negative or positive portion of the waveform),
the difference between the term diode and the term rectifier is merely one
of usage—that is, the term rectifier describes a diode that is being used to
convert AC to DC. Almost all rectifiers comprise a number of diodes in a
specific arrangement for more efficiently converting AC to DC than is pos-
sible with only one diode. Before the development of silicon semiconduc-
tor rectifiers, vacuum tube diodes and copper(I) oxide or selenium rectifier
stacks were used. Figures 4.1, 4.2, and 4.3 show ordinary thyristor-based
basic half-wave rectifier, full-wave rectifier, and six-pulse rectifier circuits
and their associated output voltage waveforms, respectively.

4.4 Inverter

An inverter is an electrical device that converts DC to AC; the con-
verted AC can be at any required voltage and frequency with the use
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Figure 4.1 Half-wave rectifier circuit and output waveforms.

of appropriate transformers, switching, and control circuits. Solid-state
inverters have no moving parts and are used in a wide range of applica-
tions, from small switching power supplies in computers to large electric
utility high-voltage direct current applications that transport bulk power.
Inverters are commonly used to supply AC power from DC sources such
as solar panels or batteries.

There are two main types of inverters. The output of a modified
sine wave inverter is similar to a square wave output except that the
output goes to zero volts for a time before switching positive or nega-
tive. It is simple and low cost and is compatible with most electronic
devices, except for sensitive or specialized equipment, for example, cer-
tain laser printers. A pure sine wave inverter produces a nearly perfect
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Figure 4.2 Full-wave rectifier circuit and output waveforms.

sine wave output (<3% total harmonic distortion) that is essentially the
same as utility-supplied grid power. Thus, it is compatible with all AC
electronic devices. This is the type used in grid-tie inverters. Its design
is more complex and costs 5 to 10 times more per unit power. The electri-
cal inverter is a high-power electronic oscillator. It is so named because
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early mechanical AC-to-DC converters were made to work in reverse
and thus were “inverted” to convert DC to AC. Figure 4.4 shows a basic

inverter circuit.
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Figure 4.4 Basic inverter circuit.

4.5 Chopper

A DC-to-DC converter is an electronic circuit that converts a source of DC
from one voltage level to another. The variable DC voltage is controlled by
chopping the input voltage by varying the on and off times (duty cycle)
of a converter, and the type of the converter capable of such a function
is known as a chopper. A schematic diagram of the chopper is shown in
Figure 4.5. The control voltage to its gate is v.. The chopper is on for a time
t,,, and its off time is f,;. Its frequency of operation is

1

1
fc=7=i
(ton+tqff) T

and its duty cycle is defined as

The output voltage across the load during the on time of the switch is
equal to the difference between the source voltage V, and the voltage drop
across the power switch. Assuming that the switch is ideal, with zero volt-
age drop, the average output voltage V,. is given as

Vie =2V, =4V,
T

where V, is the source voltage.
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Figure 4.5 Chopper schematic and its waveforms.

Varying the duty cycle changes the output voltage. Note that the out-
put voltage follows the control voltage, as shown in Figure 4.5, signifying
that the chopper is the voltage amplifier. The duty cycle d can be changed
in two ways [2]:

1. By keeping the switching or chopping frequency constant and vary-
ing the on time to get a changing duty cycle.

2. Keeping the on time constant and varying the chopping frequency
to obtain various values of the duty cycle.

A constant switching frequency has the advantages of predetermined
switching losses of the chopper, enabling optimal design of the cooling
for the power circuit, and predetermined harmonic contents, leading to
an optimal input filter. Both of these advantages are lost by varying the
switching frequency of the chopper; hence, this technique for chopper
control is not prevalent in practice.
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DC-to-DC converters are important in portable electronic devices
such as cellular phones and laptop computers, which are supplied primar-
ily with battery power. Such electronic devices often contain several sub-
circuits, each with its own voltage level requirement different from that
supplied by the battery or an external supply (sometimes higher or lower
than the supply voltage). Additionally, the battery voltage declines as its
stored power is drained. Switched DC-to-DC converters offer a method to
increase voltage from a partially lowered battery voltage, thereby saving
space instead of using multiple batteries to accomplish the same thing.

Most DC-to-DC converters also regulate the output voltage. Some
exceptions include high-efficiency light-emitting diode (LED) power
sources, which are a kind of DC-to-DC converter that regulates the cur-
rent through the LEDs, and simple charge pumps, which double or triple
the input voltage. Electronic switch-mode DC-to-DC converters convert
one DC voltage level to another by storing the input energy temporar-
ily and then releasing that energy to the output at a different voltage.
The storage may be in either magnetic field storage components (induc-
tors, transformers) or electric field storage components (capacitors). This
conversion method is more power efficient (often 75 to 98%) than linear
voltage regulation (which dissipates unwanted power as heat). This effi-
ciency is beneficial to increasing the running time of battery-operated
devices. The efficiency has increased since the late 1980s due to the use of
power field-effect transistors (FETs), which are able to switch at high fre-
quency more efficiently than power bipolar transistors, which incur more
switching losses and require a more complicated drive circuit. Another
important innovation in DC-to-DC converters is the use of synchronous
rectification replacing the flywheel diode with a power FET with low “on”
resistance, thereby reducing switching losses.

Most DC-to-DC converters are designed to move power in only one
direction: from the input to the output. However, all switching regulator
topologies can be made bidirectional by replacing all diodes with inde-
pendently controlled active rectification. A bidirectional converter can
move power in either direction, which is useful in applications requiring
regenerative braking. Drawbacks of switching converters include com-
plexity, electronic noise (i.e., electromagnetic interference [EMI] or radio
frequency interference [RFI]), and to some extent cost, although this has
come down with advances in chip design.

DC-to-DC converters are now available as integrated circuits need-
ing minimal additional components and also as a complete hybrid cir-
cuit component, ready for use within an electronic assembly. A converter
where output voltage is lower than the input voltage is called a buck con-
verter. A converter that outputs a voltage higher than the input voltage
is called a boost converter. A buck-boost converter provides an output
voltage that may be less than or greater than the input voltage (hence the
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Figure 4.6 DC-DC converters.

name buck-boost); the output voltage polarity is opposite to that of the
input voltage. Similar to the buck-boost converter, the cuk converter pro-
vides an output voltage that is less than or greater than the input voltage,
but the output voltage polarity is opposite to that of the input voltage.
Figure 4.6 shows various chopper circuits.
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4.6 Cycloconverter

A cycloconverter or a cycloinverter converts an AC waveform, such as the
mains supply, to another AC waveform of a lower frequency, synthesizing
the output waveform from segments of the AC supply without an inter-
mediate direct-current link. They are most commonly used in three-phase
applications. In most power systems, the amplitude and the frequency of
input voltage to a cycloconverter tend to be fixed values, whereas both the
amplitude and the frequency of output voltage of a cycloconverter tend to
be variable. The output frequency of a three-phase cycloconverter must
be less than about one-third to one-half the input frequency [1]. The qual-
ity of the output waveform improves if more switching devices are used
(a higher pulse number). Cycloverters are used in very large variable fre-
quency drives, with ratings of several megawatts. Figure 4.7 shows the
connection of the thyristors in a cycloconverter.

Typical applications of a cycloconverter include to control the speed
of an AC traction motor and to start a synchronous motor. Most of these
cycloconverters have a high power output—on the order of a few mega-
watts—and silicon-controlled rectifiers (SCRs) are used in these circuits.
By contrast, low-cost, low-power cycloconverters for low-power AC
motors are also in use, and many such circuits tend to use TRIACs in place
of SCRs. Unlike an SCR, which conducts in only one direction, a TRIAC
is capable of conducting in either direction, but it is also a three-terminal
device. The use of a cycloconverter is not as common as that of an inverter,
and a cycloinverter is rarely used. However, it is common in very high-
power applications such as for ball mills in ore processing, cement kilns,
and azimuth thrusters in large ships.

The switching of the AC waveform creates noise, or harmonics, in
the system that depends mostly on the frequency of the input waveform.
These harmonics can damage sensitive electronic equipment. If the rela-
tive difference between the input and output waveforms is small, then
the converter can produce subharmonics. Subharmonic noise occurs at
a frequency below the output frequency and cannot be filtered by load
inductance. This limits the output frequency relative to the input. These
limitations make cycloconverters often inferior to a DC link converter sys-
tem for most applications.

4.7  Pulse Width Modulation Scheme

PWM is a commonly used technique for controlling power to inertial elec-
trical devices, made practical by modern electronic power switches. The
average value of voltage (and current) fed to the load is controlled by turn-
ing the switch between supply and load on and off at a fast pace. The lon-
ger the switch is on compared with the off periods, the higher the power
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supplied to the load is. The PWM switching frequency has to be much
faster than what would affect the load, i.e., the device that uses the power.
Typically switchings have to be done several times a minute in an elec-
tric stove, 120 Hz in a lamp dimmer, from a few kilohertz (kHz) to tens of
kHz for a motor drive, and well into the tens or hundreds of kHz in audio
amplifiers and computer power supplies. The term duty cycle describes the
proportion of on time to the regular interval or period of time; a low duty
cycle corresponds to low power, because the power is off for most of the
time. Duty cycle is expressed in percent, 100% being fully on. Figure 4.8
shows a figure representing a pulse width modulation scheme.

There are various PWM schemes. Well known among these are
sinusoidal PWM, hysteresis PWM, space vector modulation (SVM),
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Figure 4.8 Pulse-width modulation scheme.

and “optimal” PWM techniques based on the optimization of certain
performance criteria, such as selective harmonic elimination, increas-
ing efficiency, and minimization of torque pulsation. While sinusoidal
and hysteresis PWM can be implemented using analog techniques, the
remaining PWM techniques require the use of a microprocessor [1-5].

A modulation scheme especially developed for drives is the direct
flux and torque control (DTC). A two-level hysteresis controller is used to
define the error of the stator flux. The torque is compared with its refer-
ence value and is fed into a three-level hysteresis comparator. The phase
angle of the instantaneous stator flux linkage space phasor together with
the torque and flux error state is used in a switching table for the selection
of an appropriate voltage state applied to the motor. Usually, there is no
fixed pattern modulation in process or fixed voltage-to-frequency relation
in the DTC. The DTC approach is similar to the Field Oriented Control
(FOC) with hysteresis PWM. However, it takes the interaction among the
three phases into account.

The main advantage of PWM is that power loss in the switching
devices is very low. When a switch is off there is practically no current,
and when it is on there is almost no voltage drop across the switch. Power
loss, being the product of voltage and current, is thus close to zero in both
cases. PWM also works well with digital controls, which because of their
on—off nature can easily set the needed duty cycle. PWM has also been
used in certain communication systems where its duty cycle has been
used to convey information over a communications channel.
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Usually, the on and off states of the power switches in one inverter leg
are always opposite. Therefore, the inverter circuit can be simplified into
three two-position switches. Either the positive or the negative DC bus
voltage is applied to one of the motor phases for a short time. PWM is a
method whereby the switched voltage pulses are produced for different
output frequencies and voltages. A typical modulator produces an aver-
age voltage value equal to the reference voltage within each PWM period.
Considering a very short PWM period, the reference voltage is reflected
by the fundamental of the switched pulse pattern.

Apart from the fundamental wave, the voltage spectrum at the motor
terminals consists of many higher harmonics. The interaction between
the fundamental motor flux wave and the fifth and seventh harmonic cur-
rents produces a pulsating torque six times that of the fundamental sup-
ply frequency. Similarly, the eleventh and thirteenth harmonics produce a
pulsating torque twelve times that of the fundamental supply frequency.
Furthermore, harmonic currents and skin effect increase copper losses,
which leads to motor derating. However, the motor reactance acts as a
low-pass filter and substantially reduces high-frequency current harmon-
ics. Therefore, the motor flux (Induction Motor [IM] & Permanent Magnet
Synchronous Motor [PMSM]) is in good approximation sinusoidal and
the contribution of harmonics to the developed torque is negligible. To
minimize the effect of harmonics on the motor performance, the PWM
frequency should be as high as possible. However, the PWM frequency is
restricted by the control unit (resolution) and the switching device capa-
bilities, for example, due to switching losses and dead time distorting the
output voltage.

4.8 PWM VSC

The PWM VSC provides a power electronic interface between the AC
power system and superconducting coil. In the PWM generator, the sinu-
soidal reference signal is phase modulated by means of the phase angle, a,
of the VSC output AC voltage. The modulated sinusoidal reference signal
is compared with the triangular carrier signal to generate the gate sig-
nals for the IGBTs. Figure 4.9 shows a basic PWM-based voltage source
converter circuit consisting of a Wye-Delta transformer, a six-pulse PWM
rectifier/inverter using an IGBT, and a DC link capacitor [6].

4.9 Current Source Inverter

With the availability of modern gate turn-off switching devices at increas-
ing power levels and the introduction of advanced multilevel power con-
verter topologies, the classical CSI topology has been virtually replaced
by the voltage source inverter (VSI), even in applications up to several
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Figure 4.9 Basic configuration of PWM voltage source converter (VSC).

L
7YY YN
;! SS ;_ 52 ;_ Sl
vdc . =
::| = Ve
J_ =

S

Figure 4.10 Schematic of a classical SCR-based CSL

MW. However, SCR-based CSI systems are still being used for very high-
power synchronous motor drives and utility power systems due to vari-
ous performance advantages [5].

CSI topologies have certain performance advantages in terms of rug-
gedness and their ability to feed capacitive and low-impedance loads with
ease. As high-power permanent magnet motors with extremely low arma-
ture winding inductance are becoming more common and the electro-
lytic capacitor of a VSI becoming notorious as the largest and least reliable
among inverter components, a renewed interest in CSI systems may be
expected to follow.

The classical CSI based on SCRs (Figure 4.10) has several disadvan-
tages, stemming simply from the fact that SCRs cannot be turned off
from the gate. Hence, their operation has been typically limited to six-step
switching and application to active loads capable of operation at leading
power factor. Six-step switching leads to a large amount of harmonics in
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Figure 4.11 Schematic of a CSI using IGBT and series diodes.

the load voltage and current. Thus, they have been naturally bucked by
the trend of increasing demands of performance. Furthermore, they are
not well suited to drive induction motors, which must operate at a lagging
power factor. These reasons have generally impeded their widespread
application. Replacement of the SCR with a GTO device would allow turn-
off capability and will result in the extension of operation to loads with
wider power factor and even PWM capability. However, due the limited
switching speeds of GTOs this approach has seen limited application.
More commonly, GTO devices have been adapted to operate in multilevel
VSI systems. Switching throws in a CSI realized using bidirectional volt-
age blocking and unidirectional current carrying devices have been well
known. Figure 4.11 illustrates such a realization using IGBT devices in
series with diodes. This topology is plagued with low efficiency due to cur-
rent flow through the series connection of two semiconductors per throw.

The three-phase PWM CSI is composed of a bridge with six reverse
blocking switches (S1-S6), which each has a transistor and a series diode.
The DC link contains an inductor as the main energy storage component,
and, at the output, a C (capacitor) filter smoothens the pulsed phase cur-
rents from the DC link. The topology is capable of operating at moderate
maximum power point (MPP) voltages (ca. 200-400 V) due to its inher-
ent voltage-boost characteristic. However, to keep the volt-second bal-
ance across the DC inductor, there is an upper DC voltage limit, which is
defined as the absolute minimum of the rectified phase-to-phase voltage.

CSIs, typically supplied from controlled rectifiers with closed-loop
current control, can transfer the electric power in both directions and are
characterized by a fast response to the phase command for the vector of
output current. Operated in the square-wave mode, CSIs are more efficient
than the PWM VSIs. Also, the power circuit of the CSl is simpler and more
robust than that of the VSI, thanks to the absence of freewheeling diodes
and, because of the large DC-link inductance and current control in the
rectifier, the inherent protection from overcurrents. On the other hand,
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the same inductance slows down the response to current magnitude con-
trol commands and can cause a dangerous overvoltage if the current path
is broken. The square-wave output current waveforms, rich in low-order
harmonics, are the most obvious disadvantage of CSIs. In addition, the
same waveforms produce voltage spikes in the stator leakage inductance
of the supplied motor, potentially dangerous for the winding insulation.
PWM CSIs, equipped with output capacitors that shunt ripple currents,
offer a partial solution to these problems. However, PWM CSIs have their
weaknesses too, such as the increased size and cost, reduced efficiency
associated with the PWM operation, greater complexity of the control
algorithm, and susceptibility to resonance between the output capacitors
and load inductances.

4.10  Chapter Summary

This chapter provides a brief overview of power electronics devices—
such as rectifiers, inverters, DC-to-DC choppers, cycloconverters, PWM-
based voltage source converters, and current source inverters—which
are essential components of grid-connected wind generator systems.
In the case of a variable-speed wind generator system, power electron-
ics interface is used between the terminal of the wind generator and the
grid point. Again, in the case of the fixed-speed wind generator system,
power electronics interface is necessary for the energy storage system.
Thus, the basic understanding of the operations and characteristic of the
power electronics devices are essential. These concepts will be fully used
in Chapters 5,7, 8, and 9.
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chapter 5

Wind Generators

5.1 Introduction

Wind energy conversion systems (WECSs) have become a focal point in
the research of renewable energy sources. A wind generator (WG) is a
device that generates electrical power from wind energy. Induction gener-
ators are mostly used as wind generators. However, synchronous genera-
tors can also be used as wind generators. According to rotational speed,
there are two types of wind generator systems: (1) fixed speed; and (2)
variable speed. This chapter describes the wind generator systems, their
characteristics, the maximum power point tracking (MPPT) system, and
the method of total efficiency calculation of wind generators.

5.2 Fixed-Speed Wind Energy
Conversion Systems

In a fixed-speed WECS, the turbine speed is determined by the grid fre-
quency, the generator pole pairs number, the machine slip, and the gear-
box ratio. A change in wind speed will not affect the turbine speed to a
large extent but affects the electromagnetic torque and, hence, also the
electrical output power. With a fixed-speed WECS, it may be necessary to
use aerodynamic control of the blades to optimize the whole system per-
formance, thus introducing additional control systems, complexities, and
costs. As for the generating system, nearly all wind turbines installed at
present use one of the following systems: squirrel-cage induction genera-
tors; doubly fed (wound-rotor) induction generators; or direct-drive syn-
chronous generators. The most used wind turbine systems in this case are
illustrated in Figure 5.1. Using induction generators will keep an almost
fixed speed (variation of 1-2%). The power is limited aerodynamically
by stall, active stall, or pitch control. A soft starter is normally used to
reduce the inrush current during startup. A reactive power compensator
is also needed to reduce (i.e., almost eliminate) the reactive power demand
from the turbine generators. It is usually done by activating continuously
the capacitor banks following load variation. Those solutions are attrac-
tive due to low cost and high reliability. However, a fixed-speed system
cannot extract as much energy from the wind as a variable-speed topol-
ogy. Today, the variable-speed WECSs are continuously increasing their
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Figure 5.1 Fixed-speed wind energy conversion system.

market share, because it is possible to track the changes in wind speed
by adapting shaft speed, thus maintaining optimal energy generation [1].

5.3 Variable-Speed Wind Energy
Conversion Systems

The variable-speed generation system is able to store the varying incom-
ing wind power as rotational energy, by changing the speed of the
wind turbine. So, the stress on the mechanical structure is reduced and
the delivered electrical power becomes smoother. The control system
maintains the mechanical power at its rated value by using the MPPT
technique. These WECSs are generally divided into two categories: (1)
systems with partially rated power electronics; and (2) systems with
tull-scale power electronic interfacing wind turbines [1].

Figure 5.2 shows two solutions of wind turbines with partially rated
power converters. Figure 5.2a shows a WECS with a wound rotor induc-
tion generator. Extra resistance controlled by power electronics is added
in the rotor, giving a speed range of 2 to 4%. This solution also needs a soft
starter and a reactive power compensator. Figure 5.2b shows another solu-
tion using a medium-scale power converter with a wound rotor induction
generator. In this case, a power converter connected to the rotor through
slip rings controls the rotor currents. If the generator is running super
synchronously, the electrical power is delivered through both the rotor
and the stator. If the generator is running subsynchronously, the electrical
power is delivered into the rotor only from the grid. A speed variation of
60% around synchronous speed may be obtained by the use of a power
converter of 30% of nominal power. The other WECS category is wind
turbines with a full-scale power converter between the generator and grid
that gives extra losses in the power conversion, but it will gain the added
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Figure 5.2 Partially rated power electronics WECS: (a) Rotor resistance converter.
(b) Doubly fed induction generator.

technical performance. Figure 5.3 shows four possible solutions using an
induction generator, a multipole synchronous generator, and a permanent
magnet synchronous generator.

5.4  Wind Generators

Most wind turbine manufacturers use six-pole induction (asynchronous)
generators, whereas others use directly driven synchronous generators.
In the power industry, in general, induction generators are not very com-
mon for power production, but induction motors are used worldwide. The
power generation industry almost exclusively uses large synchronous
generators, as they have the advantage of a variable reactive power pro-
duction (i.e., voltage control).
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5.4.1 Synchronous Generators

Synchronous generators (SGs) are widely used in stand-alone WECSs
where the synchronous generator can be used for reactive power control
in the isolated network. To ensure the wind turbine connection to the grid,
back-to-back pulse width modulation (PWM) voltage source inverters are
interfaced between the synchronous generator and the grid. The grid-side
PWM inverter allows for control of real and reactive power transferred to
the grid. The generator-side converter is used for electromagnetic torque
regulation. Synchronous generators of 500 kW to 2 MW are significantly
more expensive than induction generators with a similar size. The use of a
multipole synchronous generator (i.e., a large-diameter synchronous ring
generator) avoids the installation of a gearbox as an advantage, but there
will be a significant increase in weight. Indeed, the industry uses directly
driven variable-speed synchronous generators with a large-diameter syn-
chronous ring generator. The variable, directly driven approach avoids
the installation of a gearbox, which is essential for medium- and large-
scale wind turbines. Employing a permanent magnet synchronous gen-
erator provides a solution that is appreciated in small wind turbines, but it
cannot be extended to large-scale power because it involves big and heavy
permanent magnets.

5.4.2 Induction Generators

Induction generators (IGs) are increasingly used these days because of
their relative advantageous features over conventional synchronous gen-
erators. These features are brushless and rugged construction, low cost,
maintenance and operational simplicity, self-protection against faults,
good dynamic response, and capability of generating power at varying
speed. The latter feature facilitates the induction generator operation in a
stand-alone or isolated mode to supply far-flung and remote areas where
grid extension is not economically viable, in conjunction with the syn-
chronous generator to fulfill the increased local power requirement, and
in grid-connected mode to supplement the real power demand of the grid
by integrating power from resources located at different sites. The reac-
tive power requirements are the disadvantage of induction generators.
This reactive power can be supplied by a variety of methods, from simple
capacitors to complex power conversion systems.

Induction generators were used for a long time in a constant-speed
WECS, where the pitch control or active stall control is dictated for power
limitation and protection, a soft starter is also used to limit transients when
the generator is connected to the grid. For variable-speed WECSs, back-to-
back PWM inverters are used, where the control system of the inverter
on the generator side regulates the machine torque and consequently the
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Table 5.1 WECS Generator Comparison

Type Pros Cons
Induction 1. Full-speed range 1. Full-scale power
generator 2. No brushes on the generator converter
3. Complete control of reactive and 2. Need for gear
active power
4. Proven technology
Synchronous 1. Full-speed range 1. Small converter for
generator 2. Possibility of avoiding gear field
3. Complete control of reactive and 2. Full-scale power
active power converter
Permanent 1. Full-speed range 1. Full-scale power
magnet 2. Possibility of avoiding gear converter
synchronous 3. Complete control of reactive and 2. Multipole generator
generator active power (big and heavy)
4. Brushless (low maintenance) 3. Permanent magnets
5. No power converter for field needed
Doubly fed 1. Limited speed range —30% to 30% 1. Need slip rings
induction around synchronous speed 2. Need for gear
generator 2. Inexpensive small capacity PWM
inverter

3. Complete control of reactive and
active power

rotor speed, therefore keeping the frequency within defined limits. On the
other hand, the inverter on the grid side controls the reactive power at the
coupling point. In this case, the doubly fed induction generator is widely
used. Indeed, among many variable-speed concepts, WECSs using doubly
fed induction generators have many advantages over others. For example,
the power converter in such wind turbines deals only with rotor power;
therefore, the converter rating can be kept fairly low, approximately 20%
of the total machine power. This configuration allows for variable-speed
operation while remaining more economical than a series configuration
with a fully rated converter. Other features such as the controllability of
reactive power help doubly fed induction generators play a similar role to
that of synchronous generators.

Table 5.1 briefly gives the pros and cons of the major WECSs detailed
in the literature.

5.5 Wind Generator Characteristics

In Chapter 2, it is shown that the power captured by the WG blades P, is
a function of the blade shape, the pitch angle, and the radius and the rotor
speed of rotation:
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P, - %npcpa,mW 1)

where p is the air density (typically 1.25 kg/m3), B is the pitch angle (in
degrees), Cp(A, B) is the wind-turbine power coefficient, R is the blade
radius (in meters), and V is the wind speed (in m/s). The term A is the
tip—speed ratio, defined as

A= 6.2)
0

where Q is the WG rotor speed of rotation (rad/s).
Considering the generator efficiency 1, the total power produced by
WGs, P, is

P=n;Pm (5.3)

The WG power coefficient is maximized for a tip-speed ratio value
A, when the blade’s pitch angle is B = 0°. The WG power curves for vari-
ous wind speeds are shown in Figure 54. It is observed that, for each
wind speed, there exists a specific point in the WG output power versus
rotating speed characteristic where the output power is maximized. The
control of the WG load results in a variable-speed WG operation, such that
maximum power is extracted continuously from the wind (MPPT con-
trol). The value of the tip—speed ratio is constant for all maximum power

<«— Optimal line
/7 : \‘\\ Wind speed V; < V,<...<V,
J Maximum®
! A power point
== \

(O SEEEEREN \

W/G Power (Watt)
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Figure 5.4 WG power curves at various wind speeds.
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Figure 5.5 Torque-speed characteristics of the wind turbine and the generator.

points (MPPs), whereas the WG speed of rotation is related to the wind
speed as follows:

V,
o (5.4)

where Q, is the optimal WG speed of rotation at a wind velocity V,.

Besides the optimal energy production capability, another advantage
of variable-speed operation is the reduction of stress on the WG shafts
and gears, since the blades absorb the wind torque peaks during the
changes of the WG speed of rotation. The disadvantage of variable-speed
operation is that a power conditioner must be employed to play the role of
the WG apparent load. However, the evolution of power electronics helps
reduce the power-converter cost and increase its reliability, whereas the
higher cost is balanced by the energy production gain.

The torque curves of WGs, consisting of the interconnected wind-tur-
bine-generator system for various generator output voltage levels under
various wind speeds, are shown in Figure 5.5. The generator is designed
such that it operates in the approximately linear region corresponding to
the straight portion of the generator torque curves in Figure 5.5 under
any wind speed condition. The intersection of the generator torque curve
with the wind turbine torque curve determines the WG operating point.
During the MPPT process, a change of the WG apparent load results
in variable generator output voltage level; thus, the generator torque is
adjusted such that the generator operates at the target torque (e.g., point A)
under any wind speed. The target torque line corresponds to the optimal
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power production line indicated in Figure 5.4, where the energy extracted
from the WG system is maximized.

5.6 Maximum Power Point Tracking System

This section describes the MPPT system in the case of variable-speed
wind generator systems. A commonly used WG control system is shown
in Figure 5.6a. This topology is based on the WG optimal power versus the
rotating speed characteristic, which is usually stored in a microcontroller
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Figure 5.6 WG MPPT methods. (a) Control system based on rotating-speed mea-
surements. (b) Control system based on wind speed measurements.
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memory. The WG rotating speed is measured; then, the optimal output
power is calculated and compared with the actual WG output power. The
resulting error is used to control a power interface [2].

Another control system based on wind speed measurements is shown
in Figure 5.6b. The wind speed is measured, and the required rotor speed
for maximum power generation is computed. The rotor speed is also mea-
sured and compared with the calculated optimal rotor speed, whereas the
resulting error is used to control a power interface.

The disadvantage of all the previously outlined methods is that they
are based on the knowledge of the WG optimal power characteristic, which
is usually not available with a high degree of accuracy and also changes
with rotor aging. Apart from the accuracy reduction due to the approxi-
mation of the WG characteristics, an accurate anemometer is required for
the implementation of the aforementioned methods, which increases the
system cost. Furthermore, due to wind gusts of the low-energy profile,
extra processing of the wind speed measurement must be incorporated in
the control system for a reliable computation of the available wind energy,
which increases the control system complexity.

There is an alternative approach for WG MPPT control, which is
described here. The block diagram of this approach is illustrated in
Figure 5.7. The MPPT process is based on monitoring the WG output
power using measurements of the WG output voltage and current and
directly adjusting the DC (direct current)-to-DC converter duty cycle
according to the result of comparison between successive WG output
power values. Thus, neither knowledge of the WG power versus the
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Figure 5.7 Block diagram of the alternative MPPT system.
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rotor speed of rotation or wind speed characteristic nor measurements of
the wind speed are required. A resistive dummy load is used to protect
WGs from overspeeding. This MPPT method does not depend on WG
wind and rotor speed ratings or the DC-to-DC converter power rating.
Although the method has been tested on a battery-charging application
using a DC-to-DC converter, it can also be extended in grid-connected
applications by appropriate modification of the DC-to-alternating cur-
rent (AC) inverter control. The system is built around a high-efficiency
DC-to-DC converter and a low-cost microcontroller unit, which can easily
perform additional operations such as battery-charging management or
control of additional renewable energy sources (RES).

5.7 WG Total Efficiency Calculation

WG output power and losses are dependent on wind. To capture more
energy from wind, it is important to analyze loss characteristics of the
wind generator, which can be determined from wind speed. Furthermore,
since many nonlinear losses occur in WGs, making prediction profit by
using average wind speed may cause many errors. This section describes
a method to represent various losses in the wind generator as a function
of wind speed, which is based on the steady-state analysis. By using this
method, wind turbine power, generated power, copper loss, iron loss, stray
load loss, mechanical losses, and energy efficiency can be calculated quickly.
However, this method cannot take a transient state into account. Generally,
since the WG power change is large, a transient state seems to occur. To
check the effect of this state the calculation is performed by using Power
System Computer Aided Design (PSCAD)/Electromagnetic Transients in
DC (EMTDCQ). It is seen that the difference between the two methods is
negligible. By using wind speed data expressed by the probability density
function, this method can predict energy produced by WGs and also esti-
mate its total efficiency and capacity factor. As a whole, it can be summa-
rized that the prediction method can contribute properly to the design as
well as construction planning of a wind farm.

5.71  Outline of the Calculation Method

Induction generators are widely used as WGs due to their low cost, low
maintenance, and direct grid connection. So an induction generator is
considered for calculation efficiency. However, there are several problems
regarding IGs:

¢ Usually, IG input, output, and loss conditions can be determined
from rotational speed (slip). However, it is difficult to determine slip
from wind turbine input torque.
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Table 5.2 Wind Generators Losses

Mechanical loss Gearbox losses
Windage loss
Ball-bearing loss
Copper loss Primary winding copper loss
Secondary winding copper loss
Iron loss Eddy current loss
Stray load loss Hysteresis loss

ry = stator resistance, r," = rotor resistance,

x; = stator leakage reactance, x,’ = rotor leakage
reactance, r,, = iron loss resistance,

x,, = magnetizing reactance, s(slip) = (Ns-N)/Ns,
N = rotor speed, Ns = synchronous speed.

Figure 5.8 Equivalent circuit of induction generator.

® Generator input torque is reduced by mechanical losses, but mechan-
ical losses are a function of rotational speed (slip). It is difficult to
determine mechanical losses and slip at the same time.

e Itis hard to measure stray load loss and iron loss.

e It is difficult to evaluate gear loss analytically as a function of rota-
tional speed.

This book describes a method of calculating the efficiency of WGs
correctly, taking into account the aforementioned points. Table 5.2
shows the losses of wind generators. The equivalent circuit of the induc-
tion generator used in the proposed method is shown in Figure 5.8.
The input torque and copper losses are calculated by solving the circuit
equations (5.5).

. . ¥, X . 7, X
Vi=— n+jx+ ]"’,’” I + ]"’,"’ I,
T + X T+ X

(5.5)

. 7, X . .
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5.7.2  Equations for Analysis
5.7.2.1 Wind Turbine Power

The power captured from the wind can be expressed as (5.6). In this con-
text, the MOD-2 model is used, whose power coefficient curve is shown in
Figure 5.9. This turbine characteristic is nonlinear expressed as (5.8).

1
Dy = EpCp(k,ﬁ)nRszi 144 (5.6)
A= % (.7)

Cp(M,B) = 0.5(h - 0.022p* - 5.6)e™"'7* (5.8)

where P, is the turbine output power (W), p is the air density (kg/m?), C,
is the power coefficient, A is the tip—speed ratio, R is the radius of the blade
(m), Vw is the wind speed (m/s), ®,,, is the wind turbine angular speed
(rad/s), and B is the blade pitch angle (degrees).

5.7.2.2  Generator Input
Generator input power can be calculated from the equivalent circuit of
Figure 5.8:

12 1% xry) [W] (59)
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5.7.2.3 Copper Losses and Iron Loss
Copper losses are resistance losses occurring in winding coil and can be
calculated using the equivalent circuit resistances, r; and r,, as

Weoper =N X2+ 1, x 13 [W] (5.10)

copper

Generally, iron loss is expressed by the parallel resistance in the equiv-
alent circuit. However, iron loss is the loss produced by the flux change, and
it consists of eddy current loss and hysteresis loss. In this chapter, at first
we calculate actual iron loss per unit volume, wy, using the flux density:

2

w; =B oy % +opd? % [W/kg] (.11)

where B is the flux density (T), 6, is the hysteresis loss coefficient, o; is the
eddy current loss coefficient, f is the frequency (Hz), and d is the thickness
of iron core steel plate (mm).

Normally, flux and internal voltage can be related to (5.12). Therefore,
if the number of turns of a coil is fixed, a proportionality holds between
the flux density and the internal voltage.

E=444xfxk,xwx¢d V (512

where k,, is the winding coefficient, w is the number of turns, and ¢ is the
flux.

B=B, E£ T (.13)

0

where E; is the nominal internal voltage.

And then the iron loss resistance can be obtained with respect to the
internal voltage E determined by the flux density as shown in (5.14). W, is
the total iron loss, which is determined using (5.11) and the iron core weight.

EZ
"W, 3

(.14)

5.7.2.4 Bearing Loss, Windage Loss, and Stray Load Loss
Bearing loss is a mechanical friction loss due to the rotation of the rotor:

W, = Ko, [W] (5.15)
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where Kj; is a parameter concerning the rotor weight, the diameter of an
axis, and the rotational speed of the axis.
Windage loss is a friction loss that occurs between the rotor and the air:

W, = Kyw? [W] (5.16)

where K, is a parameter determined by the rotor shape, its length, and the
rotational speed.
Stray load loss is expressed as

P2
W.-0005, W] (5.17)

n

where P is generated power (W), and P, is rated power (W).

5.7.2.5 Gearbox Loss [30]

Gearbox losses are primarily due to tooth contact losses and viscous oil
losses. In general, these losses are difficult to predict. However, tooth con-
tact losses are very small compared with viscous losses, and at fixed rota-
tional speed viscous losses do not vary strongly with transmitted torque.
Therefore, simple approximation of gearbox efficiency can be obtained by
neglecting the tooth losses and assuming that the viscous losses are con-
stant (a fixed percentage of the rated power). A viscous loss of 1% of rated
power per step is a reasonable assumption. Thus, the efficiency of a gear-
box with g steps can be computed using (5.18). Generally, the maximum
gear ratio per step is approximately 6:1, so two or three steps of gears are
typically required.

P, -(0.01)gP,x

o x 100 [%] G.18)

b
ngeur - Pm -
where P, is gear box output power, P,, is turbine power, and P, is rated
turbine power.

Figure 5.10 shows the gearbox efficiency for three gear steps. In this
chapter, three steps are assumed, according to a large-sized wind genera-
tor in recent years.

5.7.3  Calculation Method

The efficiency of a generator is determined using the previously described
loss analysis method. The IG input, output, and loss conditions can be
determined from rotational speed (slip). However, it is difficult to deter-
mine slip from wind turbine input torque. Therefore, we adopt an
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iterative calculation to obtain a slip, which produces torque equal to the
wind turbine torque from a slip—torque curve as shown in Figure 5.11.
Furthermore, it is difficult to determine mechanical losses and slip at the
same time, because mechanical losses are a function of rotational speed
(slip). Mechanical loss can also be obtained in the iterative calculation. The
power transfer relation in the proposed method is shown in Figure 5.12.
Since mechanical losses and stray load loss cannot be expressed in a
generator equivalent circuit, they have been deducted from the wind turbine
output. Figure 5.13 shows the flow chart of the following proposed method:

1. Wind velocity is taken as the input value, and from this wind veloc-
ity all states of wind generators are calculated.

2. Wind turbine output is calculated from Equation (5.6). The synchro-
nous angular velocity is taken as the initial value of the angular
velocity, and wind turbine power is multiplied by the gear efficiency,

n gear.
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Figure 5.13 Flow chart of the proposed method.
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3. Ball-bearing loss and windage loss, which are mechanical losses,
are deducted from the wind turbine output calculated in step 2, and
stray load loss is also deducted. These losses are assumed to be zero
in the initial calculation.

4. At this step the slip is changed using the characteristic of Figure 5.11
until the same generated power as the power calculated in step 3 is
given.

5. By using the slip calculated in step 4 and using Equation (5.5), the cur-
rents in the equivalent circuit can be determined, and consequently
the output power, copper loss, and iron loss can be calculated. Next,
loss W; is calculated from the flux density using the previously out-
lined iron loss calculation method, and the iron loss resistance, r,,
which produces the same loss as W, is also determined.

6. Ball-bearing loss and windage loss are calculated using Equations
(5.15) and (5.16) and the rotational slip of the generator determined
in step 5. And stray load loss is calculated from Equation (5.17).

7. 1f the calculated losses converge, the calculation will stop; otherwise,
it will return to step 2.

5.74  Simulation Results

The parameters of the wind generator used in this chapter are shown in
Table 5.3. A 5 MW WG was assumed. The cut-in and rated wind velocities
are 5.8 and 12.0 m/s, respectively. Moreover, the IG generated power is
controlled by the pitch controller when the wind speed is over the rated
wind speed. Figure 5.14 shows the results of power and various losses of
the induction generator, in which the curves for the windage loss, bear-
ing loss, and iron loss are enlarged for clear and easy understanding.
From the figures it is evident that all losses are nonlinear with respect
to the wind speed and that iron loss decreases with the increase of wind
speed. When wind speed increases, IG real power increases, and thus the
IG draws more reactive power and internal voltage of IG decreases. As a
result, flux density and iron loss decrease.

Table 5.3 Generator Parameters

Rated power 5 MVA Rated voltage 6,600 V
Rated frequency 60 Hz Pole number 6

Stator resistance  0.0051 pu Stator leakage reactance  0.088 pu
Rotor resistance  0.0091 pu Rotor leakage reactance  0.125 pu

Iron resistance 13774 pu Magnetizing reactance 4.776 pu
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Figure 5.15 Wind speed variations.

5.7.5  Simulation Result with Transient Phenomenon Considered

The proposed method cannot account for a transient state. Since the
change of the generated power of the wind generator is large, a transient
state may occur. To check the effect of a transient state on the results, the
same calculation was performed using PSCAD/EMTDC. Wind velocity
is approximated by the sine waves as shown in Figure 5.15, where wind1
indicates the wave with a time period of 20 seconds, wind2 consists of
two waves with periods of 20 seconds and 5 seconds, and wind3 consists
of three waves with time periods of 20 seconds, 5 seconds, and 1 second.
Moreover, to lengthen the time constant of the generator circuit, a calcula-
tion was also performed by setting the resistance value as one-half and
one-fifth of the original value as shown in Table 5.4. Since gear loss is a
fixed loss, it is not included here. Figure 5.16 is a result of the calculation.
The dotted lines shown in Figure 5.16 represent the results obtained
by PSCAD in which the transient appears at time t = 1 sec due to the
switching process. However, after 1 sec the results of both PSCAD and the
proposed method are almost the same. To check the difference, energy is
calculated by integrating the output power over one cycle (20 seconds).
The result is shown in Table 5.4. Even if the large change of wind velocity
like wind3 in Figure 5.15 is used, the difference is negligible. Moreover,
even if the rotor resistance is small, the difference is not large. As a result,
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Table 5.4 Calculation Results (I)

Energy
Wind Turbine ~ Generated  Efficiency
Energy (M]) Power (MJ) (%)
Wind1 PSCAD 43.88 42.40 96.64
Proposed method 43.88 42.42 96.67
Wind2 PSCAD 42.04 40.07 96.81
Proposed method 42.03 40.06 96.78
Wind3 PSCAD 40.96 39.70 96.9
Proposed method 40.95 39.67 96.87
Wind3 PSCAD 40.96 39.80 97.14
(rn—1/2) Proposed method 40.95 39.77 97.12
Wind3 PSCAD 40.96 39.85 97.29
(r7—1/5) Proposed method 40.95 39.85 97.26
5M
s My TN TN Proposed method
=3M
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£ 1M
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Figure 5.16 Output power of IG.

the difference between the two methods is so small that it can be ignored.
Therefore, it can be said that the proposed method of efficiency calcula-
tion of the wind generator is sufficiently accurate.
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5.7.6  Efficiency Calculation Using a Probability Density Function

If real wind information is available, the efficiency calculation of the wind
generator can be precisely done. However, it is difficult to express real
wind data as a function of time. Therefore, the Weibull function is used
in this chapter. By using this function and the proposed method, it is pos-
sible to calculate the amount of annual power generation for a specific
area. The Weibull function can be expressed by

Koo k
re exp - ° (5.19)
cc c
where k is shape factor, ¢ is scale factor, and v is wind speed. From
Equation (5.19), the status of the wind speed can be expressed. Although
the annual average wind speed for two areas is the same, the probabil-
ity functions for two areas can be different. Therefore, making predic-
tion based on annual energy profit by using average wind speed may
cause many errors. In this chapter, three areas are chosen, with differ-
ent Weibull function parameters, which are shown in Table 5.5, where
A is the weak wind area inland, B is the windy area in the tip portion
of a cape, and C is the windy area at the slope part of a mountain. In
Table 5.5, ¢ and k were taken from Japan’s New Energy and Industrial
Technology Development Organization (NEDO) local area wind energy
prediction system (LAWEPS) [31-32]. LAWEPS can give us accurate wind
data. Data with an altitude of 70 m were used according to the wind
turbine hub height. The wind speed characteristic of each area is shown
in Figure 5.17, and it is clear that the wind conditions of these areas are
different. In this case, the cut-out wind velocity is assumed to be 20 m/s.
The amount of annual power generation can be calculated using the
probability distribution function:

V max
Eppra = f P,(v)x f(v)x 8670dv (5.20)

V min

where E,,,, is the annual generated power (Wh), P, is the generated power
(W), V,... is the cut-out wind speed (m/s), and V,,;, is the cut-in wind speed
(m/s). Moreover, the loss energy and the wind turbine energy can be cal-
culated by inserting each equation into (5.16). Furthermore, the capacity
factor and the total efficiency are calculated from

Ewa Wh
Total Efficiency = - Tur{;’;ieEnergy Wi X100 % (5.21)
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Table 5.5 Weibull Parameters

Average
Wind Speed
Area (m/s) c k
A Kyoto City 42 6.0 19
B Erimo cape 9.0 100 22
C Mt Fuji’s slope 10.5 9.5 1.6
0.14
0.12
0.10 Erimo cape
g 0.08 ] - - - - MtFuji’s slope
2 1 e NN Kyoto city
2 0.06
e 1
& 0.04
0.02 g
0004 B

Wind Speed [m/s]

Figure 5.17 Probability density distribution.

Etotal Wh
RatedPower W x365x24 h

Capacity Factor = x100 %  (5.22)

Table 5.6 shows the simulation results. Though the average wind
speed of area C is higher than that of area B, the capacity factor of area B
is higher than that of area C. So the amount of power generation strongly
depends on the probability density distribution. The difference of copper
loss and stray load loss among the three areas is large because all areas
depend not only on the generated power but also on the operating time,
which is related to the probability density distribution. The differences of
mechanical losses among the areas are not so large because they mainly
depend on operating time. The influence of gearbox loss is comparatively
greater in weak wind areas, such as in area A. Therefore, the total effi-
ciency of area A is less than 90%.

5.8 Chapter Summary

This chapter describes the various types of wind energy conversion
systems, namely, the fixed-speed and variable-speed wind generator
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Table 5.6 Simulation Results

Wind Total
Turbine Iron Copper  Windage  Bearing Stray Gearbox  Generated Energy
Energy Loss Loss Loss Loss Load Loss Loss Power Efficiency = Capacity
(MWh)  (MWh) (MWh) (MWh) (MWh) (MWh) (MWh) (MWh) (%) Factor (%)
6669.42 123.76 58.61 4.10 1.92 34.66 522.37 5923.75 88.82 13.52
B 20696.07  227.38 252.39 7.63 3.56 141.78 965.05 19098.01 92.28 43.60
17198.42 186.69 214.09 6.26 292 120.11 792.65 15875.47 92.31 36.25
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systems. Induction machines and synchronous machines are also dis-
cussed, as they are used mostly as wind generators. Relative advantages
and disadvantages of various types of wind generators are discussed. The
maximum power point tracking control system related to variable-speed
wind generators is explained. Moreover, a method of WG total efficiency
calculation is presented.
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chapter 6

Wind Generator Grid
Integration Issues

6.1 Introduction

Wind power is often described as an “intermittent”—and therefore unre-
liable—energy source. In fact, at the power system level wind energy
does not start and stop at irregular intervals, so the term intermittent is
misleading. The output of aggregated wind capacity is variable, just as
the power system itself is inherently variable. Since wind power produc-
tion is dependent on the wind, the output of a turbine and wind farm
varies over time under the influence of meteorological fluctuations. These
variations occur on all time scales: by seconds, minutes, hours, days,
months, seasons, and years. Understanding and predicting these varia-
tions is essential for successfully integrating wind power into the power
system and to use it most efficiently. Wind power as a generation source
has specific characteristics, which include variability and geographical
distribution. These raise challenges for the integration of large amounts
of wind power into electricity grids. To integrate large amounts of wind
power successfully, a number of issues need to be addressed, including
design and operation of the power system, grid infrastructure issues, and
grid connection of wind power. This chapter discusses grid integration
issues in detail.

6.2 Transient Stability and Power
Quality Problems

Let us consider a grid-connected wind generator system. During a tran-
sient fault in the power network, the rotor speed of the wind generator
goes very high, active power output goes very low, and terminal voltage
goes very low or collapses. The wind speed might be considered constant
during a transient fault.

According to grid code requirements, the voltage level should not be
below 85% of the rated voltage. Usually the wind generator is shut down
during these emergency situations. Recent tradition is not to shut down the
wind generator during a network fault but to keep it connected to the grid
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through appropriate power electronics control. In other words, the wind
generators should have fault ride-through (FRT) capability. This clearly indi-
cates that wind generator stabilization is necessary during network faults.

6.3  Variability of Wind Power

Electricity flows—Dboth supply and demand—are inherently variable because
power systems are influenced by a large number of planned and unplanned
factors, but they have been designed to cope effectively with these variations
through their configuration, control systems, and interconnection [1].

Examples of demand include changing weather, which makes peo-
ple switch their heating, cooling, and lighting on and off, and the instant
power that millions of consumers expect for TVs and computers every
day. On the supply side, when a large power station, especially a nuclear
reactor, goes offline whether by accident or planned shutdown, it does so
instantaneously, causing an immediate loss of many hundreds of mega-
watts. By contrast, wind energy does not suddenly trip the system off.
Variations are smoother because there are hundreds or thousands of units
rather than a few large power stations, making it easier for the system
operator to predict and manage changes in supply. Especially in large,
interconnected grids, there is little overall impact if the wind stops blow-
ing in one particular place.

Predictability is key in managing wind power’s variability, and sig-
nificant advances have been made to improve forecasting methods. Today,
wind power prediction is quite accurate for aggregated wind farms. Using
increasingly sophisticated weather forecasts, wind power generation
models, and statistical analysis, it is possible to predict generation from
5-minute to hourly intervals over time scales up to 72 hours in advance
and for seasonal and annual periods. Using current tools, the forecast
error for a single wind farm is between 10 and 20% of the power output
for a forecast horizon of 36 hours. For regionally aggregated wind farms
the forecast error is on the order of 10% for a day ahead and less than 5%
for 1-4 hours in advance.

6.4 Power, Frequency, and Voltage Fluctuations
Due to Random Wind Speed Variation

Due to random wind speed variation, wind generator output power, fre-
quency, and terminal voltage fluctuate. In other words, power quality of
the wind generator deteriorates. However, consumers need constant volt-
age and frequency. Thus, frequency, grid voltage, and transmission line
power should be maintained constant. To this end, some control means
are necessary [2-4].
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6.5 Grid Connection Requirements

With the rapid increase in installation of wind generators in the power
system, it becomes necessary to require wind farms to behave as much
as possible like conventional power plants to support the network volt-
age and frequency not only during steady-state conditions but also dur-
ing grid disturbances. Due to this requirement, the utilities in many
countries have recently established or are developing grid codes for
operation and grid connection of wind farms. A grid code covers all
material technical aspects relating to connections to, and the operation
and use of, a country’s electricity transmission system. They lay down
rules that define the ways generating stations connecting to the system
must operate to maintain grid stability. The aim of these grid codes is
to ensure that the continued growth of wind generation does not com-
promise the power quality as well as the security and reliability of the
electric power system [1].

Technical requirements within grid codes vary from system to sys-
tem, but the typical requirements for generators normally concern toler-
ance, control of active and reactive power, protective devices, and power
quality. Specific requirements for wind power generation are changing
as penetration increases and as wind power is assuming more and more
power plant capabilities, that is, assuming active control and delivering
grid support services.

Wind turbine manufacturers have to respond to these grid code
requirements. Therefore, much research has been conducted to develop
technologies and solutions to meet these requirements. This section dis-
cusses major grid code requirements for operation and grid connection of
wind farms. The major requirements of typical grid codes for operation
and grid connection of wind turbines are summarized as follows.

1. Voltage operating range: The wind turbines are required to operate
within typical grid voltage variations.

2. Frequency operating range: The wind turbines are required to oper-
ate within typical grid frequency variations.

3. Active power control: Several grid codes require wind farms to pro-
vide active power control to ensure a stable frequency in the system
and to prevent overloading of lines. Also, wind turbines are required
to respond with a ramp rate in the desired range.

4. Frequency control: Several grid codes require wind farms to pro-
vide frequency regulation capability to help maintain the desired
network frequency.

5. Voltage control: Grid codes require that individual wind turbines
control their own terminal voltage to a constant value by means of
an automatic voltage regulator.
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6. Reactive power control: The wind farms are required to provide
dynamic reactive power control capability to maintain the reactive
power balance and the power factor in the desired range.

7. Low-voltage ride-through (LVRT): In the event of a voltage sag,
the wind turbines are required to remain connected for a specific
amount of time before being allowed to disconnect. In addition,
some utilities require that the wind turbines help support grid
voltage during faults.

8. High-voltage ride-through (HVRT): In the event that the voltage goes
above its upper limit value, the wind turbines should be capable of
staying online for a given length of time.

9. Power quality: Wind farms are required to provide the electric
power with a desired quality, such as maintaining constant voltage
or voltage fluctuations in the desired range or maintaining voltage—
current harmonics in the desired range.

10. Wind farm modeling and verification: Some grid codes require
wind farm owners and developers to provide models and system
data to enable the system operator to investigate by simulations the
interaction between the wind farm and the power system. They also
require installation of monitoring equipment to verify the actual
behavior of the wind farm during faults and to check the model.

11. Communications and external control: The wind farm operators are
required to provide signals corresponding to a number of param-
eters important for the system operator to enable proper operation
of the power system. Moreover, it must be possible to connect and
disconnect the wind turbines remotely.

Grid code requirements and regulations vary considerably from coun-
try to country and from system to system. The grid codes in a certain region
or country may cover only a part of these requirements. The differences in
requirements, besides local traditional practices, are caused by different
wind power penetrations and by different degrees of power network robust-
ness. Figure 6.1 shows typical LVRT requirements in the United States.
Interconnection requirements for wind energy connected to the transmis-
sion networks in the United States are applicable to wind farms larger than
20 MW and mainly cover the following three major technical topics:

1. LVRT capability: The wind farms are required to remain online dur-
ing voltage disturbances up to specified time periods and associated
voltage levels, as described by Figure 6.1. According to this LVRT
specification, the wind turbines should remain connected to the grid
and supply reactive power when the voltage at the point of connec-
tion falls in the gray area. In addition, wind farms must be able to
operate continuously at 90% of the rated line voltage, measured at
the high-voltage side of the wind plant substation transformers.
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Figure 6.1 Typical low-voltage ride-through requirement—United States.

2. Power factor (reactive power) design criteria: The wind farms are
required to maintain a power factor within the range of 0.95 leading
to 0.95 lagging, measured at the high-voltage side of the substation
transformers.

3. Supervisory control and data acquisition (SCADA) capability: The
wind farms are required to have SCADA capability to transmit data
and receive instructions from the transmission provider.

In response to increasing demands from the network operators—for
example, to stay connected to the system during a fault event—the most
recent wind turbine designs have been substantially improved. The major-
ity of MW-size turbines being installed today are capable of meeting the
most severe grid code requirements, with advanced features including fault
ride-through capability. This enables them to assist in keeping the power
system stable when disruptions occur. Modern wind farms are moving
toward becoming wind energy power plants that can be actively controlled.

To illustrate how demanding the FRT requirements for wind turbines
can be, the case of the German transmission system operator (TSO) E.ON
Netz is presented. Figure 6.2 shows the requirement for the FRT process
for wind turbines in the case of disturbance. According to the German
code, wind turbines connected to the transmission system (which includes
voltages levels of 220 kV and greater) must remain connected to the grid
during short-circuit faults as long as the voltage at the point of common
coupling (PCC), measured at the high-voltage level of the grid connected
transformer, is above the continuous line defined in Figure 6.2. As can be
observed, the turbines have to sustain the operation within the 150 ms after
the fault appearance even if the voltage at the PCC decreases to zero [39].

In addition to the FRT capability, requirements regarding to voltage
stability support are also imposed. Wind turbines must be able to provide
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Figure 6.3 (See color insert.) FRT requirements for wind turbines according to
E.ON Netz.

at least 2% of the rated reactive current for each percent of voltage dip as
shown in Figure 6.3. A reactive current of 100% of the rated current must
be possible if necessary. The reactive current must be injected into the
network within 20 ms after the fault detection on the low-voltage side of
the connecting transformer.

A dead band is also included around the reference voltage, in which
the wind turbines can operate with power factor control. The requirements
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imposed by E.ON Netz in case of disturbance are technology oriented;
that is, they address wind turbines manufacturer design requirements
without explicitly defining power system security constraints or limits.
Such required levels are well justified in power systems with high pen-
etration levels of wind power (e.g., the northern area of Germany covered
by E.ON Netz, with one of the highest penetration levels of wind power
in the world) but are not necessary in power systems in an initial stage of
wind power development. Requirements based on system security mar-
gins are an alternative to such grid codes.

Grid integration concerns have come to the fore in recent years as
wind power penetration levels have increased in a number of countries
as an issue that may impede the widespread deployment of wind power
systems. Two of the strongest challenges to wind power’s future prospects
are the problems of intermittency and grid reliability.

Electricity systems must supply power in close balance to demand.
The average load varies in predictable daily and seasonal patterns, but
there is an unpredictable component due to random load variations and
unforeseen events. To compensate for these variations, additional genera-
tion capacity is needed to provide regulation or to set aside as reserves.
Generators within an electrical system have varying operating character-
istics: Some are base-load plants; others, such as hydro- or combustion
turbines, are more agile in terms of response to fluctuations and startup
times. There is an economic value above the energy produced to a genera-
tor that can provide these ancillary services. Introducing wind genera-
tion can increase the regulation burden and need for reserves, due to its
natural intermittency. The impact of the wind plant variability may range
from negligible to significant depending on the level of penetration and
intermittency of the wind resource.

6.5.1 Islanding and Auto Reclosure

Critical situations can occur if a part of the utility network is islanded, and
an integrated distributed generation (DG) unit is connected. This situa-
tion is commonly referred to as loss of mains (LOM) or loss of grid (LOG).
When LOM occurs, neither the voltage nor the frequency is controlled
by the utility supply. Normally, islanding is the consequence of a fault in
the network. If an embedded generator continues its operation after the
utility supply was disconnected, faults may not clear since the arc is still
charged. Small embedded generators (or grid interfaces, respectively) are
often not equipped with voltage control; therefore, the voltage magnitude
of an islanded network is not kept between desired limits, and undefined
voltage magnitudes may occur during island operation.

Another result of missing control might be frequency instability.
Since real systems are never balanced exactly, the frequency will change
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due to active power unbalance. Uncontrolled frequency represents a high
risk for machines and drives. Since arc faults normally clear after a short
interruption of the supply, automatic (instantaneous) reclosure is a com-
mon relay feature. With a continuously operating generator in the net-
work, two problems may arise when the utility network is automatically
reconnected after a short interruption:

e The fault may not have cleared since the arc was fed from the DG
unit; therefore, instantaneous reclosure may not succeed.

¢ In the islanded part of the grid, the frequency may have changed
due to active power unbalance. Reclosing the switch would couple
two asynchronously operating systems.

Extended dead time has to be regarded between the separation of the
DG unit and the reconnection of the utility supply to make fault clearing
possible. Common time settings of auto reclosure relays are between 100
and 1,000 ms. With DG in the network, the total time has to be prolonged.
A recommendation is to maintain a reclosure interval of 1 sec or more for
distribution feeders with embedded generators.

The only solution to this problem seems to be to disconnect the DG
unit as soon as LOM occurred. Thus, it is necessary to detect islands
quickly and reliably.

6.5.2 Other Issues

There are some other problems concerning the integration of DG besides
those already mentioned. These issues are already known from experi-
ence with conventional power systems.

6.5.2.1 Ferroresonance

Ferroresonance can occur and damage customer equipment or trans-
formers. For cable lines, where faults are normally permanent, fast-blow-
ing fuses are used as overcurrent protection. Since the fuses in the three
phases do not trigger simultaneously, it may happen that a transformer
is connected via only two phases for a short time. Then, the capacitance
of the cable is in series with the transformer inductance that could cause
distorted or high voltages and currents due to resonance conditions.

6.5.2.2 Grounding
There are possible grounding problems due to multiple ground current
paths. If a DG unit is connected via a grounded delta-wye transformer,
earth faults on the utility line will cause ground currents in both direc-
tions—from the fault to the utility transformer as well as to the DG trans-
former. This is normally not considered in the distribution system ground
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fault coordination. The problem of loss of earth (LOE) for single-point
grounded distribution systems is that whenever the utility earth connec-
tion is lost the whole system gets ungrounded.

6.6 Design and Operation of Power Systems

Power systems have always had to deal with sudden output variations
from large power plants, and the procedures put in place can be applied
to deal with variations in wind power production as well. The issue is
therefore not one of variability in itself but how to predict and manage
this variability and what tools can be used to improve efficiency.

Wind power as a generation source has specific characteristics includ-
ing variability and geographical distribution. These raise challenges for
the integration of large amounts of wind power into electricity grids. To
integrate large amounts of wind power successfully, a number of issues
need to be addressed, including design and operation of the power sys-
tem, grid infrastructure issues, and grid connection of wind power.

Experience has shown that the established control methods and sys-
tem reserves available for dealing with variable demand and supply are
more than adequate for coping with the additional variability from wind
energy up to penetration levels of around 20%, depending of the nature of
the system in question. This 20% figure is merely indicative, and the real-
ity will vary widely from system to system. The more flexible a power sys-
tem is in terms of responding to variations on both the demand and the
supply side, the easier it to integrate variable-generation sources such as
wind energy. In practice, such flexible systems, which tend to have higher
levels of hydropower and gas generation in their power mix, will find that
significantly higher levels of wind power can be integrated without major
system changes.

Within Europe, Denmark already gets 21% of its gross electricity demand
from the wind, Spain almost 12%, Portugal 9%, Ireland 8%, and Germany
7%. Some regions achieve much higher penetrations. In the western half of
Denmark, for example, more than 100% of demand is sometimes met by
wind power. Grid operators in a number of European countries, including
Spain and Portugal, have now introduced central control centers that can
monitor and manage efficiently the entire national fleet of wind turbines.

The present levels of wind power connected to electricity systems
already show that it is feasible to integrate the technology to a significant
extent.

Another frequent misunderstanding concerning wind power relates
to the amount of “backup” generation capacity required, as the inherent
variability of wind power needs to be balanced in a system.

Wind power does indeed have an impact on the other generation
plants in a given power system, the magnitude of which will depend on



150 Wind Energy Systems: Solutions for Power Quality and Stabilization

the power system size, generation mix, load variations, demand size man-
agement, and degree of grid interconnection. However, large power sys-
tems can take advantage of the natural diversity of variable sources. They
have flexible mechanisms to follow the varying load and plant outages
that cannot always be accurately predicted.

6.7 Storage Options

There is increasing interest in both large-scale storage implemented at
transmission level and smaller-scale dedicated storage embedded in dis-
tribution networks. The range of storage technologies is potentially wide.
For large-scale storage, pumped hydro-accumulation storage (PAC) is the
most common and known technology and can also be done underground.
Another technology option available on a large scale is compressed air
energy storage (CAES).

On a decentralized scale, storage options include flywheels, batter-
ies (possibly in combination with electric vehicles), fuel cells, electrolysis,
and super-capacitors. Furthermore, an attractive solution consists of the
installation of heat boilers at selected combined heat and power locations
(CHPs) order to increase the operational flexibility of these units.

It should be pointed out that storage leads to energy losses and is
not necessarily an efficient option for managing wind farm output. If a
country does not have favorable geographical conditions for hydroreser-
voirs, storage is not an attractive solution because of the poor economics at
moderate wind power penetration levels (up to 20%). In any case, the use
of storage to balance variations at wind plant level is neither necessary
nor economic.

6.8 Grid Infrastructure

The specific nature of wind power as a distributed and variable-gener-
ation source requires specific infrastructure investments and the imple-
mentation of new technology and grid management concepts. High levels
of wind energy in a system can impact grid stability, congestion manage-
ment, transmission efficiency, and transmission adequacy.

In many parts of the world, substantial upgrades of grid infrastruc-
ture will be required to allow for significant levels of grid integration.
Great improvements can be achieved by network optimization and other
“soft” measures, but an increase in transmission capacity and construc-
tion of new transmission lines will also be needed. At the same time,
adequate and fair procedures for grid access for wind power need to
be developed and implemented, even in areas where grid capacity is
limited. However, the expansion of wind power is not the only driver.
Extensions and reinforcements are needed to accommodate whichever
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power generation technology is chosen to meet a rapidly growing elec-
tricity demand.

6.9 Wind Power’s Contribution
to System Adequacy

The capacity credit of wind energy expresses how much “conventional” power
generation capacity can be avoided or replaced by wind energy. For low wind
energy penetration levels, the capacity credit will therefore be close to the
average wind power production, which depends on the capacity factors on
each individual site (normally 20-35% of rated capacity). With increasing pen-
etration levels of wind power, its relative capacity credit will decrease, which
means that a new wind plant on a system with high wind power penetra-
tion will replace less conventional power than the first plants in the system.
Aggregated wind plants over larger geographical areas are best suited to take
full advantage of the firm contribution of wind power in a power system.

6.10 Chapter Summary

This chapter provides a thorough description of the grid integration
issues of wind generator systems. Wind power as a generation source
has specific characteristics, which include variability and geographical
distribution. These raise challenges for the integration of large amounts
of wind power into electricity grids. To integrate large amounts of wind
power successfully, a number of issues need to be addressed, including
design and operation of the power system, grid infrastructure issues, and
grid connection of wind power, power quality, and transient stability
enhancement of wind generator systems. This chapter focuses on all of
these phenomena.
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chapter 7

Solutions for Power
Quality Issues of Wind
Generator Systems

7.1 Introduction

Using wind power to generate electricity is receiving more and more
attention every day all over the world. One of the simplest methods of
running a wind generation system is to use an induction generator (IG)
connected directly to the power grid, because induction generators are the
most cost-effective and robust machines for energy conversion. However,
induction generators require reactive power for magnetization, particu-
larly during startup. As the reactive power drained by the induction
generators is coupled to the active power generated by them, the vari-
ability of wind speed results in variations of induction generators” real
and reactive powers. It is this variation in active and reactive powers that
interacts with the network and provokes voltage and frequency fluctua-
tions. These fluctuations cause lamp flicker and inaccuracy in the timing
devices. If good penetration of the wind power is to be achieved, some
remedial measures must be taken for power quality improvement. Since
both frequency and voltages are often affected in these systems, fast-act-
ing control devices (i.e., the energy storage devices) capable of exchanging
active as well as reactive powers are appropriate candidates to meet this
end. This chapter discusses various energy storage devices, comparison
among them, and the use of energy storage devices in minimizing fluc-
tuations in line power, frequency, and terminal voltage of wind generator
systems. Furthermore, this chapter discusses the output power leveling
of wind generator systems by pitch angle control, power quality improve-
ment by flywheel energy storage system, and constant power control of
doubly fed induction generator (DFIG) wind turbines with supercapacitor
energy storage.
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7.2 Various Energy Storage Systems

Various promising energy storage systems are available on the market
battery, such as energy storage, supercapacitor energy storage, supercon-
ducting magnetic energy storage (SMES), flywheel energy storage, and
compressed air energy storage [1].

Electrical energy in an alternating current (AC) system cannot be stored
electrically. However, energy can be stored by converting the AC electric-
ity and storing it electromagnetically, electrochemically, or kinetically or
as potential energy. Each energy storage technology usually includes a
power conversion unit to change the energy from one form to another.
Two factors characterize the application of an energy storage technology.
One is the amount of energy that can be stored in the device. This is a char-
acteristic of the storage device itself. Another is the rate at which energy
can be transferred into or out of the storage device. This depends mainly
on the peak power rating of the power conversion unit but is also impacted
by the response rate of the storage device itself. The power—energy ranges
for near-to-midterm technologies are projected in Figure 71. Integration
of these four possible energy storage technologies with flexible AC trans-
mission systems (FACTS) and custom power devices are among the pos-
sible power applications of energy storage. The possible benefits include
transmission enhancement, power oscillation damping, dynamic voltage
stability, tie line control, short-term spinning reserve, load leveling, under-
frequency load shedding reduction, circuit-breaker reclosing, subsynchro-
nous resonance damping, and power quality improvement.

7.2.1  Superconducting Magnetic Energy Storage

Although superconductivity was discovered in 1911, it was not until the
1970s that SMES was first proposed as an energy storage technology for
power systems. SMES systems have attracted the attention of both electric
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Figure 7.1 Specific power versus specific energy ranges for near-to-midterm
technology.
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utilities and the military due to their fast response and high efficiency;
they have a charge—discharge efficiency over 95%. Possible applications
include load leveling, dynamic stability, transient stability, voltage sta-
bility, frequency regulation, transmission capability enhancement, and
power quality improvement [1].

When compared with other energy storage technologies, today’s
SMES systems are still costly. However, the integration of an SMES coil
into existing FACTS devices eliminates what is typically the largest cost
for the entire SMES system—the inverter unit. Some studies have shown
that micro (0.1 MWh) and midsize (0.1-100 MWh) SMES systems could
potentially be more economical for power transmission and distribution
applications. The use of high-temperature superconductors should also
make SMES cost-effective due to reductions in refrigeration needs. There
are a number of ongoing SMES projects currently installed or in develop-
ment throughout the world.

An SMES unit is a device that stores energy in the magnetic field
generated by the direct current (DC) current flowing through a super-
conducting coil. The inductively stored energy (E in joules) and the rated
power (P in watts) are commonly given specifications for SMES devices,
and they can be expressed as follows:

E-lrp
2
(1)
p=AE iy
dt dt

where L is the inductance of the coil, I is the DC current flowing through
the coil, and V is the voltage across the coil. Since energy is stored as cir-
culating current, energy can be drawn from an SMES unit with almost
instantaneous response with energy stored or delivered over periods
ranging from a fraction of a second to several hours.

An SMES unit consists of a large superconducting coil at the cryo-
genic temperature. This temperature is maintained by a cryostat or dewar
that contains helium or nitrogen liquid vessels. A power conversion/con-
ditioning system (PCS) connects the SMES unit to an AC power system,
and it is used to charge and discharge the coil. Two types of power conver-
sion systems are commonly used. One option uses a current source con-
verter (CSC) to both interface to the AC system and charge and discharge
the coil. The second option uses a voltage source converter (VSC) to inter-
face to the AC system and a DC-to-DC chopper to charge and discharge
the coil. The VSC and DC-to-DC chopper share a common DC bus. The
components of an SMES system are shown in Figure 7.2. The modes of
charge—discharge—standby are obtained by controlling the voltage across
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Figure 7.2 Components of a typical SMES system.

the SMES coil (V,,;). The SMES coil is charged or discharged by applying
a positive or negative voltage, V,,;, across the superconducting coil. The
SMES system enters a standby mode operation when the average V,,; is
zero, resulting in a constant average coil current, I ;.

Several factors are taken into account in the design of the coil to
achieve the best possible performance of an SMES system at the least cost.
These factors may include coil configuration, energy capability, structure,
and operating temperature. A compromise is made between each factor
by considering the parameters of energy/mass ratio, Lorentz forces, and
stray magnetic field and by minimizing the losses for a reliable, stable,
and economic SMES system. The coil can be configured as a solenoid or
a toroid. The solenoid type has been used widely due to its simplicity and
cost-effectiveness, though the toroid coil designs were also incorporated
by a number of small-scale SMES projects. Coil inductance (L) or PCS
maximum voltage (V,,..) and current (I,,,,) ratings determine the maximum
energy/power that can be drawn or injected by an SMES coil. The ratings of
these parameters depend on the application type of SMES. The operating
temperature used for a superconducting device is a compromise between
cost and the operational requirements. Low-temperature superconductor
devices (LTSs) are available now, whereas high-temperature superconduc-
tor devices are currently in the development stage. The efficiency and fast
response capability (milliwatts/millisecond) of SMES systems have been
and can be further exploited in applications at all levels of electric power
systems. The potential utility applications have been studied since the
1970s. SMES systems have been considered for the following: (1) load lev-
eling; (2) frequency support (spinning reserve) during loss of generation;
(3) enhancing transient and dynamic stability; (4) dynamic voltage sup-
port (VAR compensation); (5) improving power quality; and (6) increas-
ing transmission line capacity, thus enhancing overall reliability of power
systems. Further development continues in power conversion systems and
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Figure 7.3 Energy—power characteristics of potential SMES applications.

control schemes, evaluation of design and cost factors, and analyses for
various SMES system applications. The energy and power characteristics
for potential SMES applications for generation, transmission, and distribu-
tion are depicted in Figure 7.3. The square area in the figure represents the
applications that are currently economical. Therefore, the SMES technol-
ogy has a unique advantage in two types of application: power system
transmission control; and stabilization and power quality.

The cost of an SMES system can be separated into two independent
components: (1) the cost of the energy storage capacity; and (2) the cost
of the power handling capability. Storage-related cost includes the capi-
tal and construction costs of the conductor, coil structure components,
cryogenic vessel, refrigeration, protection, and control equipment. Power-
related cost involves the capital and construction costs of the power
conditioning system. While the power-related cost is lower than the
energy-related cost for large-scale applications, it is more dominant for
small-scale applications.

7.2.2  Battery Energy Storage Systems

Batteries are one of the most cost-effective energy storage technologies
available, with energy stored electrochemically. A battery system is made
up of a set of low-voltage/power battery modules connected in parallel and
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series to achieve a desired electrical characteristic. Batteries are “charged”
when they undergo an internal chemical reaction under a potential applied
to the terminals. They deliver the absorbed energy, or “discharge,” when
they reverse the chemical reaction. Key factors of batteries for storage
applications include: high-energy density, high-energy capability, round-
trip efficiency, cycling capability, life span, and initial cost.

There are a number of battery technologies under consideration for
large-scale energy storage. Lead acid batteries represent an established,
mature technology. Lead acid batteries can be designed for bulk energy
storage or for rapid charge and discharge. Improvements in energy den-
sity and charging characteristics are still an active research area, with
different additives under consideration. Lead acid batteries still represent
a low-cost option for most applications requiring large storage capabili-
ties; low-energy density and limited cycle life are the chief disadvantages.
Mobile applications favor sealed lead acid battery technologies for safety
and ease of maintenance. Valve-regulated lead acid (VRLA) batteries
have better cost and performance characteristics for stationary applica-
tions. Several other battery technologies also show promise for stationary
energy storage applications. All have higher energy density capabilities
than lead acid batteries, but at present they are not yet cost-effective for
higher-power applications. Leading technologies include nickel-metal—
hydride batteries, nickel-cadmium batteries, and lithium-ion batteries.
The last two technologies are both being pushed for electric vehicle appli-
cations where high-energy density can offset higher cost to some degree.

Due to the chemical kinetics involved, batteries cannot operate at high
power levels for long time periods. In addition, rapid, deep discharges
may lead to early replacement of the battery, since heating resulting in
this kind of operation reduces battery lifetime. There are also environ-
mental concerns related to battery storage due to toxic gas generation
during battery charge and discharge. The disposal of hazardous materi-
als presents some battery disposal problems. The disposal problem var-
ies with battery technology. For example, the recycling and disposal of
lead acid batteries is well established for automotive batteries. Batteries
store DC charge, so power conversion is required to interface a battery
with an AC system. Small, modular batteries with power electronic con-
verters can provide four-quadrant operation (bidirectional current flow
and bidirectional voltage polarity) with rapid response. Advances in bat-
tery technologies offer increased energy storage densities, greater cycling
capabilities, higher reliability, and lower cost. Battery energy storage sys-
tems (BESSs) have recently emerged as one of the more promising near-
term storage technologies for power applications, offering a wide range
of power system applications such as area regulation, area protection,
spinning reserve, and power factor correction. Several BESS units have
been designed and installed in existing systems for the purposes of load
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leveling, stabilizing, and load frequency control. Optimal installation site
and capacity of BESSs can be determined depending on their application.
This has been done for load-leveling applications. Also, the integration of
battery energy storage with a FACTS power flow controller can improve
the power system operation and control.

7.2.3  Advanced Capacitors

Capacitors store electric energy by accumulating positive and negative
charges (often on parallel plates) separated by an insulating dielectric. The
capacitance, C, represents the relationship between the stored charge, g,
and the voltage between the plates, V, as shown in (7.2). The capacitance
depends on the permittivity of the dielectric, e, the area of the plates, A,
and the distance between the plates, d, as shown in (7.3). Equation (7.4)
shows that the energy stored on the capacitor depends on the capacitance
and on the square of the voltage.

g=CV (7.2)
€A
C=— 7.3
] (7.3)
= lCV2 (74)
) .
dV=i*£+i*Rm (7.5)

tot

The amount of energy a capacitor is capable of storing can be increased
by either increasing the capacitance or the voltage stored on the capaci-
tor. The stored voltage is limited by the voltage-withstand-strength of the
dielectric (which impacts the distance between the plates). Capacitance
can be increased by increasing the area of the plates, increasing the per-
mittivity, or decreasing the distance between the plates. As with batteries,
the turnaround efficiency when charging and discharging capacitors is
also an important consideration, as is response time. The effective series
resistance (ESR) of the capacitor has a significant impact on both. The
total voltage change when charging or discharging capacitors is shown
in (7.5). Note that C,,, and R, are the result from a combined series/par-
allel configuration of capacitor cells to increase the total capacitance and
the voltage level. The product C,.R,, determines the response time of the
capacitor for charging or discharging.
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Capacitors are used in many AC and DC applications in power systems.
DC storage capacitors can be used for energy storage for power applications.
They have long seen use in pulsed power applications for high-energy
physics and weapons applications. However, the present generation of DC
storage capacitors sees limited use as large-scale energy storage devices
for power systems. Capacitors are often used for very short-term storage
in power converters. Additional capacitance can be added to the DC bus
of motor drives and consumer electronics to provide added ability to ride
voltage sags and momentary interruptions. The main transmission or dis-
tribution system application where conventional DC capacitors are used as
large-scale energy storage is in the distribution dynamic voltage restorer
(DVR), a custom power device that compensates for temporary voltage sags
on distribution systems. The power converter in the DVR injects sufficient
voltage to compensate for the voltage sag, such that loads connected to the
system are isolated from the sag. The DVR uses energy stored in DC capaci-
tors to supply a component of the real power needed by the load.

Several varieties of advanced capacitors are in development, with sev-
eral available commercially for low power applications. These capacitors
have significant improvements in one or more of the following characteris-
tics: higher permittivities, higher surface areas, or higher voltage-withstand
capabilities. Ceramic hypercapacitors have both a fairly high voltage-with-
stand (about 1 kV) and a high dielectric strength, making them good can-
didates for future storage applications. At present, they are largely used in
low-power applications. In addition, hypercapacitors have low effective-
series-resistance values. Cryogenic operation appears to offer significant
performance improvements. The combination of higher voltage-withstand
and low effective-series-resistance will make it easier to use hypercapaci-
tors in high-power applications with simpler configurations possible.

Ultracapacitors (also known as supercapacitors) are double-layer
capacitors that increase energy storage capability due to a large increase
in surface area through use of a porous electrolyte (they still have rela-
tively low permittivity and voltage-withstand capabilities). Several dif-
ferent combinations of electrode and electrolyte materials have been
used in ultracapacitors, with different combinations resulting in varying
capacitance, energy density, cycle life, and cost characteristics. At present,
ultracapacitors are most applicable for high peak-power, low-energy situ-
ations. Capable of floating at full charge for 10 years, an ultracapacitor can
provide extended power availability during voltage sags and momentary
interruptions. Ultracapacitors can be stored completely discharged and
installed easily, are compact in size, and can operate effectively in diverse
(hot, cold, and moist) environments. Ultracapacitors are now available
commercially at lower power levels.

As with BESSs, application of capacitors for power applications will
be influenced by the ability to charge and discharge the storage device.
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At present, ultracapacitors and hypercapacitors have seen initial appli-
cation in low-energy applications with much of the development for
higher-energy applications geared toward electric vehicles. Near-term
applications will most likely use these capacitors in power quality appli-
cations. For example, ultracapacitors can be added to the DC bus of motor
drives to improve ride-through times during voltage sags. Ultracapacitors
can also be added to a DVR or be interfaced to the DC bus of a distribution
static compensator (DStatCom).

7.2.4  Flywheel Energy Storage (FES)

Flywheels can be used to store energy for power systems when the fly-
wheel is coupled to an electric machine. In most cases, a power converter
is used to drive the electric machine to provide a wider operating range.
Stored energy depends on the moment of inertia of the rotor and the square
of the rotational velocity of the flywheel, as shown in (7.6). The moment
of inertia (I) depends on the radius, mass, and height (length) of the rotor,
as shown in (7.7). Energy is transferred to the flywheel when the machine
operates as a motor (the flywheel accelerates), charging the energy storage
device. The flywheel is discharged when the electric machine regenerates
through the drive (slowing the flywheel).

= %Imz (7.6)
2
=" Zm (77)

The energy storage capability of flywheels can be improved by
increasing the moment of inertia of the flywheel or by turning it at higher
rotational velocities or both. Some designs use hollow cylinders for the
rotor allowing the mass to be concentrated at the outer radius of the fly-
wheel, improving storage capability with a smaller weight increase.

Two strategies have been used in the development of flywheels for
power applications. One option is to increase the inertia by using a steel
mass with a large radius, with rotational velocities up to approximately
10,000 rpm. A fairly standard motor and power electronic drive can be
used as the power conversion interface for this type of flywheel. Several
restorer flywheels using this type of design are available commercially as
uninterruptible power supplies (UPSs). This design results in relatively
large and heavy flywheel systems. Rotational energy losses will also limit
the long-term storage ability of this type of flywheel.
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The second design strategy is to produce flywheels with a light-
weight rotor turning at very high rotational velocities (up to 100,000 rpm).
This approach results in compact, lightweight energy storage devices.
Modular designs are possible, with a large number of small flywheels
possible as an alternative to a few large flywheels. However, rotational
losses due to drag from air and bearing losses result in significant self-
discharge, which poses problems for long-term energy storage. High-
velocity flywheels are therefore operated in vacuum vessels to eliminate
air resistance. The use of magnetic bearings helps improve the problems
with bearing losses. Several projects are developing superconducting
magnetic bearings for high-velocity flywheels. The near elimination of
rotational losses will provide flywheels with high charge and discharge
efficiency. The peak power transfer ratings depend on the power ratings
in the power electronic converter and the electric machine. Flywheel
applications under consideration include automobiles, buses, high-speed
rail locomotives, and energy storage for electromagnetic catapults on
next-generation aircraft carriers. The high rotational velocity also results
in the need for some form of containment vessel around the flywheel in
case the rotor fails mechanically. The added weight of the containment
can be especially important in mobile applications. However, some form
of containment is necessary for stationary systems as well. The largest
commercially available flywheel system is about 5 MJ/1.6 MVA weighing
approximately 10,000 kg. Flywheel energy storage can be implemented
in several power system applications. If an FES system is included with
a FACTS or custom power device with a DC bus, an inverter is added
to couple the flywheel motor or generator to the DC bus. For example,
a flywheel based on an AC machine could have an inverter interface to
the DC bus of the custom power device, as shown in Figure 7.4. Flywheel
energy storage has been considered for several power system applica-
tions, including power quality applications as well as peak shaving and
stability enhancement.
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Figure 7.4 Flywheel energy storage coupled to a dynamic voltage.
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7.2.5 Pumped Hydroelectric Energy Storage

Hydroelectric storage is a process that converts electrical energy to poten-
tial energy by pumping water to a higher elevation, where it can be stored
indefinitely and then released to pass through hydraulic turbines and
generate electrical energy. A typical pumped-storage development is
composed of two reservoirs of equal volume situated to maximize the
difference in their levels. These reservoirs are connected by a system of
waterways along which a pumping generating station is located. Under
favorable geological conditions, the station will be located underground;
otherwise, it will be situated on the lower reservoir. The principal equip-
ment of the station is the pumping-generating unit, which is generally
reversible and used for both pumping and generating, functioning as a
motor and pump in one direction of rotation and as a turbine and genera-
tor in opposite rotation.

7.2.6  Flow Batteries

Flow batteries (FBs) are a promising technology that decouples the total
stored energy from the rated power. The rated power depends on the reac-
tor size, whereas the stored capacity depends on the auxiliary tank volume.
These characteristics make the FB suitable for providing large amounts of
power and energy required by electrical utilities. FBs work in a similar
way as hydrogen fuel cells (FCs), as they consume two electrolytes that are
stored in different tanks (no self-discharge), and there is a microporous
membrane that separates both electrolytes but allows selected ions to cross
through, creating an electrical current. There are many potential electro-
chemical reactions, usually called reduction—oxidation reaction (REDOX),
but only a few of them seem to be useful in practice [45].

Figure 7.5 shows a schematic of an FB. The power rating is defined by
the flow reactants and the area of the membranes, whereas the electro-
lyte tank capacity defines the total stored energy. In a classical battery the
electrolyte is stored in the cell itself, so there is a strong coupling between
the power and energy rating. In the cell (flow reactor), a reversible elec-
trochemical reaction takes place, producing (or consuming) electric DC
current. At this time, several large- and small-scale demonstration and
commercial products use FB technology.

The main advantages of FB technology are (1) high power and energy
capacity; (2) fast recharge by replacing exhaust electrolyte; (3) long life
enabled by easy electrolyte replacement; (4) full discharge capability; (5)
use of nontoxic materials; and (6) low-temperature operation. The main
disadvantage of the system is the need for moving mechanical parts
such as pumping systems that make system miniaturization difficult.
Therefore, the commercial uptake to date has been limited.
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7.2.7 Compressed Air Energy Storage

Compressed air energy storage (CAES) is a technology that stores energy
as compressed air for later use. Energy is extracted using a standard gas
turbine, where the air compression stage of the turbine is replaced by
the CAES, thus eliminating the use of natural gas fuel for air compres-
sion. System design is complicated by the fact that air compression and
expansion are exothermic and endothermic processes, respectively. With
this in mind, three types of systems are considered to manage the heat
exchange:

1. Isothermal storage, which compresses the air slowly, thus allowing
the temperature to equalize with the surroundings. Such a system
works well for small systems where power density is not paramount.

2. Adiabatic systems, which store the released heat during compres-
sion and feed it back into the system during air release. Such a sys-
tem needs a heat-storing device, complicating the system design.

3. Diabatic storage systems, which use external power sources to heat
or cool the air to maintain a constant system temperature. Most com-
mercially implemented systems are of this kind due to high power
density and great system flexibility, albeit at the expense of cost and
efficiency.



Chapter 7:  Solutions for Power Quality Issues 167

CAES systems have been considered for numerous applications,
most notably for electric grid support for load leveling applications.
In such systems, energy is stored during periods of low demand and
then converted back to electricity when the electricity demand is high.
Commercial systems use natural caverns as air reservoirs to store large
amounts of energy; installed commercial system capacity ranges from 35
to 300 MW.

7.2.8 Thermoelectric Energy Storage

Thermoelectric energy storage (TEES) for solar thermal power plants
consists of a synthetic oil or molten salt that stores energy in the form of
heat collected by solar thermal power plants to enable smooth power out-
put during daytime cloudy periods and to extend power production for
1-10 h after sunset. End-use TEES stores electricity from off-peak periods
through the use of hot or cold storage in underground aquifers, water or
ice tanks, or other storage materials and uses this stored energy to reduce
the electricity consumption of building heating or air conditioning sys-
tems during times of peak demand.

7.2.9 Hybrid Energy Storage Systems

Certain applications require a combination of energy, power density, cost,
and life cycle specifications that cannot be met by a single energy stor-
age device. To implement such applications, hybrid energy storage devices
(HESDs) have been proposed. HESDs electronically combine the power
output of two or more devices with complementary characteristics. HESDs
all share a common trait: combining high-power devices (devices with
quick response) and high-energy devices (devices with slow response).
Proposed HESDs are listed next, with the energy-supplying device listed
first followed by the power-supplying device:

1. Battery and electric double-layer capacitor (EDLC)
2. FC and battery or EDLC

3. CAES and battery or EDLC

4. Battery and flywheel

5. Battery and SMES

7.3 Energy Storage Systems Compared

There are relative advantages and disadvantages of the various energy stor-
age systems. For example, some of the disadvantages of BESSs include lim-
ited life cycle, voltage and current limitations, and potential environmental
hazards. Again, some of the disadvantages of pumped hydroelectric are
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large unit sizes and topographic and environmental limitations. The major
problems of confronting the implementation of SMES units are the high cost
and environmental issues associated with strong magnetic field. Relatively
short duration, high frictional loss (windage), and low-energy density
restrain the flywheel systems from the application in energy management.
Similar to flywheels, the major problems associated with capacitors are the
short durations and high-energy dissipations due to self-discharge loss.
However, among all energy storage systems, SMES is the most effective
from the viewpoints of fast response, charge and discharge cycles, and con-
trol ability of both active and reactive powers simultaneously.

74 Using SMES to Minimize Fluctuations
in Power, Frequency, and Voltage
of Wind Generator Systems

Recent developments and advances in both superconducting and power
electronics technology have provided the power transmission and distri-
bution industry with SMES systems. SMES is a large superconducting coil
capable of storing electric energy in the magnetic field generated by DC
current flowing through it. The real power as well as the reactive power
can be absorbed (charging) by or released (discharging) from the SMES
coil according to system power requirements. Since the successful com-
missioning test of the Bonneville Power Administration (BPA) 30 MJ unit,
SMES systems have received much attention in power system applica-
tions, such as diurnal load demand leveling, frequency control, automatic
generation control, and uninterruptible power supplies. A gate turn-off
(GTO) thyristor-based SMES unit is able to absorb and inject active as
well as reactive powers simultaneously in rapid response to power system
requirements. Therefore, it can act as a good tool to decrease voltage and
frequency fluctuations of the system considerably. With this view, minimi-
zation of fluctuations of line power and terminal voltage of wind genera-
tors by the SMES is considered in this book.

The model system as shown in Figure 7.6 was used for the simulation
[2]. The power system model belongs to Ulleung Island in South Korea.
The model system consists of two diesel generators (4.5 MVA and 1.5
MVA), two hydroelectric generators (0.6 MVA and 0.1 MVA), one wind
turbine generator (0.6 MVA IG), and a load of 6 MW. In this work, to evalu-
ate the performance of SMES systems in detail, another load of 2 MW
is also considered. When a 2 MW load is considered, ratings of some of
the generators and transformers are changed, as shown in red colors in
Figure 7.6. A condenser C is connected to the terminal of the wind genera-
tor to compensate the reactive power demand for the induction generator
at steady-state. The value of C has been chosen so that the power factor
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Figure 7.6 (See color insert.) Power system model.
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Figure 7.7 Diesel-governor model.

of the wind power station becomes unity when it is generating the rated
power (P = 0.6, V = 1.0). The SMES unit is located at the induction genera-
tor terminal bus. The automatic voltage regulator (AVR) control system
models for the diesel and hydraulic generators and the governor (GOV)
control system model for the hydroelectric generator used in this work are
the built-in models of Power System Computer Aided Design (PSCAD)/
Electromagnetic Transients in DC (EMTDC). However, the GOV con-
trol system model for the diesel generator used in this work is shown in
Figure 7.7. The typical values for the parameters of the diesel governor
model are shown in Table 7.1, whereas synchronous generator parameters
as well as induction generator parameters used for this simulation are
shown in Table 7.2.
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Table 7.1 Diesel Governor Parameters

Regulator feedback parameter R 0.167
Regulator feedback parameter Ky 1
Actuator constant K, 1
Engine torque constant K 1
Engine dead-time (limits) T, 0.2
Actuator time constant T, 0.2

Table 7.2 Generator Parameters

SG IG
MVA 0.1,0.6,1.5,45 MVA 0.6
Ta [pu] 0.332 R, [pu] 0.01
Xp [pul 0.13 X; [pul 0.1
Xd [pul] 0.92 Xinu [pul 3.5
Xq [pu] 0.51 R, [pu] 0.01
Xd’ [pu] 0.3 X, [pu] 0.12
Xq' [pu] 0.228 H [sec] 1.5

Xd”[pu] 022
Xq” [pu] 0.29
Tdo  [sec] 5.2
Tdo” [sec] 0.029
Tqo” [sec] 0.034
H [sec] 17,23

The SMES unit model used in this work is shown in Figure 7.8. It con-
sists of a WYE-Delta (6.6 kV/1.2 kV) transformer, a six-pulse pulse width
modulation (PWM) voltage source converter using an insulated gate bipo-
lar transistor (IGBT), a DC link capacitor, a two-quadrant DC-to-DC chop-
per using IGBT, and an inductance as a superconducting coil. The VSC
and the DC-to-DC chopper are linked by a DC link capacitor. In this work,
to evaluate in detail the performance of the SMES system to minimize
frequency fluctuations, different energy capacities of the SMES are con-
sidered. The parameters for the proposed SMES are shown in Table 7.3.

The PWM VSC provides a power electronic interface between the
AC power system and the superconducting coil. The DC link voltage Ej,-
and grid point voltage V; are maintained as constant by the VSC. In this
model system, the transformer connecting the VSC and the AC system
is expressed by an RL circuit. Since a leakage reactance of a transformer
is, in general, much greater than the winding resistance, the active and
reactive powers of the SMES system are proportional to the d- and g-axis
currents and thus also to the d- and g-axis voltages as expressed by (7.8).
Based on this concept, the control system of the VSC is constructed.
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Figure 7.8 Configuration of SMES unit.
Table 7.3 SMES Parameters
SMES capacity (MW) 0.33
Energy capacity (M]) 1 5 10
Rated current (kA) 0.5 0.82 1
Inductance (H) 8 15 20
DC link capacitor (mF) 10
Psoc]; o —Vq
(7.8)
Qs -1, %=V,

The control system of the VSC is shown in Figure 79. The proportional-
integral (PI) controllers determine reference d- and g-axis currents by
using the difference between the DC link voltage Ej- and reference value
Epc..r and the difference between terminal voltage V; and reference value
Vi respectively. The reference signal for the VSC is determined by con-
verting d- and g-axis voltages obtained from the difference between the
reference d—qg-axes currents and their detected values. Parameters of the
Proportional-Integral (PI) controllers are determined by trial and error
method. The PWM signal is generated for IGBT switching by comparing
the reference signal, which is converted to a three-phase sinusoidal wave
with the triangular carrier signal.

The superconducting coil is charged or discharged by adjusting the
average voltage, V. ., across the coil, which is determined by the duty
cycle of the two-quadrant DC-to-DC chopper. Based on this concept, the
control system of a two-quadrant DC-to-DC chopper is constructed as
shown in Figure 710. The duty cycle is determined by the PI controller. For
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Figure 7.9 Control system of the VSC.
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Figure 7.10 Control system of two-quadrant DC-DC chopper.
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Figure 7.11 Determination of reference value.

example, when the duty cycle is larger than 0.5 or less than 0.5, the stored
energy of the coil is either charging or discharging. To generate the PWM
gate signals for the IGBT of the chopper, the reference signal is compared
with the triangular signal.

The reference value of the transmission line power P, is deter-
mined by a low-pass filter (LPF) as shown in Figure 7.11. LPF consists of a
first-order delay system. Though it is very simple, a reference value with
enough smoothing effect can be obtained by this type of LPE.
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74.1  Method of Calculating Power System Frequency

In this study, the index of the smoothing effect is used in power system
frequency analysis. Power system frequency fluctuation occurs due to an
imbalance between supply and load power in power system. Then, the
frequency fluctuation can be described using two components: the rate
of generator output variation, K; (MW/Hz), and load variation, K; (MW/
Hz). They are representing the amount of power variation causing 1 Hz
frequency fluctuation. When generator output variation, AG (MW), and
load variation, AL (MW), occur, frequency fluctuation of the power sys-
tem, AF (Hz), is expressed as

- g (79)
K:; +K;
K=K;+K; (710)

where K is frequency characteristic constant. In general, frequency char-
acteristic is expressed as percentage K (expressed as %K) for the total
capacity of all generators and percentage K; (expressed as %K;) for the
total load. In general, it is known that %K and %K, are almost constant
and generally take a value of 8-15% MW/Hz and 2-6% MW/Hz, respec-
tively. However, K, and K; change greatly during a day because the
number of parallel generators changes depending on the amount of load
during a day. And when power imbalance AP occurs in power system,
frequency fluctuation AP/K cannot occur immediately due to the gover-
nor characteristic and generator inertia. Normally, AF converges to a new
steady-state value in 2 to 3 sec. In general, when AP is changing slowly, the
relationship between AP and AF can be expressed as follows:

_F - B (711)
P K(1+sT)

where AP = AG — AL. Since changing load is not considered in this study,
AL is 0. Time constant, T (sec), depending on the setting of generator gov-
ernor and generator inertia, is generally 3 to 5 sec. In this study, power
system capacity is assumed to be 100 MW, and frequency characteristic K
(MW/Hz) is selected to 8 MW/Hz. This selection means that adjustability
of the system frequency is weak, resulting in a severe situation. Similarly,
time constant T is selected to 3 sec. In this study, frequency fluctuation in
the power system is evaluated using Equation (7.11). Therefore, frequency
fluctuation, AF, is obtained as shown in Figure 7.12.
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Figure 7.12 Frequency calculation model.
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Figure 7.13 Wind speed data.

Table 7.4 Specifications of Wind Speed

Average [m/s] 10.1
Minimum [m/s] 7.3
Maximum [m/s] 11.3
Standard deviation [m/s] 0.79

74.2  Simulation Results and Discussions

To evaluate the performance of the SMES strategy to minimize system
frequency fluctuations, simulations are carried out considering variable
wind speed data as shown in Figure 7.13. The specifications of wind speed
are given in Table 74. The simulation time and time step were chosen as 60
sec and 10 msec, respectively. Figures 714 and 7.15 show the responses of
active powers of the wind generators, diesel generators and hydraulic gen-
erators, and the system frequency without SMES systems with 2 MW and
6 MW loads, respectively. It is seen that without the wind generator the
system frequency is maintained at the nominal value of 60 Hz; however,
when the wind generator is used in the power system model the system
frequency considerably fluctuates, especially for low load (2 MW load).
This fact motivates the use of the SMES method to minimize system fre-
quency and power fluctuations resulting from the wind generator system.

7.4.2.1  Effectiveness of SMES Systems on Minimizing Wind
Generator Power, Frequency, and Voltage Fluctuations
Figures 7.16 and 717 show the responses of active powers of the wind gen-
erator, diesel generators and hydraulic generators, the transmission line
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Figure 7.14 (See color insert.) Responses of active power and system frequency
without SMES (Load 2 MW).

power, and the system frequency using 10 MJ SMES with 2 MW and 6
MW loads, respectively. It is seen that because of the use of the SMES,
the system frequency fluctuations are minimized well, and the frequency
is maintained almost at the level of the nominal value of 60 Hz for both
loads. Also, it is observed that the SMES system can successfully smooth
the transmission line power for both loads. Thus, the smoothed power can
be supplied to the consumers. Although the grid voltage responses are not
shown here, it is seen that the SMES system can minimize the oscillations
of grid voltage. As a whole, the SMES system can be considered a very
effective tool to minimize frequency, power, and voltage fluctuations of
power systems including wind generators.

7.4.2.2  Comparison among Energy Capacities of SMES

Systems to Minimize Wind Generator Power,

Frequency, and Voltage Fluctuations
In this work, to evaluate in detail the performance of SMES systems to
minimize frequency, power, and voltage fluctuations, extensive simula-
tions were carried out considering different energy capacities of SMES.
Figure 7.18 shows the responses of active power of a wind generator, trans-
mission line power, and system frequency using 10 MJ, 5M]J, and 1 M]
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with 10 MJ SMES (Load 6 MW).

SMES with a 2 MW load. It is seen that the performance of the 10 M] SMES
is the best from the viewpoint of minimization of fluctuations of system
frequency and line power. The 5 M] SMES can minimize the power and fre-
quency fluctuations well; however, the 1 M] SMES has little ability to mini-
mize frequency and power fluctuations. In general, the larger the capacity
of SMES is, the better the ability of fluctuations minimization becomes.
However, if the large size of SMES is adopted, its cost increases, making
the installation of SMES impractical. From this viewpoint, the 5 M] SMES
is a trade-off between higher cost and better performance. Therefore, the
SMES capacity for fluctuations minimization of power, frequency, and
voltage should be selected considering the viewpoint of cost-effectiveness.

Figures 719, 720, and 721 show the responses of real power, storage
energy, coil current, coil voltage, DC link current, and DC link voltage
with 2 MW and 6 MW loads corresponding to 5 M], 10 M], and 1 MJ SMES
systems, respectively. In all cases it is seen that the SMES is being charged
and discharged according to system power requirements to minimize fre-
quency fluctuations. The SMES energy and coil current are well within
the ranges of their rated values. Moreover, the PWM voltage source con-
verter can maintain the DC link voltage constant.
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74.3  SMES Power and Energy Ratings

It is important to know the optimal power and energy ratings of SMES
systems so that their cost is minimal. In this work, the relationship
between SMES power capacity and the smoothing ability is investigated
by evaluating a wind turbine generator output, Py, and reference value
of transmission line power, Pg_, with the condition that the LPF time
constant is changed from 3 to 300 sec. Since a large number of wind tur-
bine generators are going to be connected to a power system in the near
future, a percentage of wind turbine generators to the total power system
capacity is assumed fairly large: 10% (10 MW) and 20% (20 MW) in this
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Figure 7.19 Responses of 5 M] SMES.
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study. Smoothing of the wind turbine generator output is investigated
by using Pg_..¢ instead of an SMES unit in the calculation to estimate a
required capacity of the SMES [3].
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Figure 7.21 Responses of 11 M] SMES.

The model system used in this simulation analysis is shown in
Figure 7.22. Table 7.5 shows the parameters for the induction generator
shown in Figure 7.22. The wind speed patterns and conditions used in the
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Figure 7.22 Model system.

Table 7.5 Induction Generator Parameters

Rated power 10,20 (MW)
Stator resistance 0.01 (pu)
Stator leakage reactance 0.1 (pu)
Magnetizing reactance 3.5 (pu)
Rotor resistance 0.01 (pu)
Rotor leakage reactance 0.12 (pu)
Inertia constant (H) 1.5 (sec)
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Figure 7.23 (See color insert.) Wind speed.

simulation are shown in Figure 723 and Table 7.6. Three kinds of wind
speed patterns with relatively large fluctuations are selected. SMES out-
put is assumed to be the difference between Py and P, in this simula-
tion, and then a standard deviation of the SMES output, ©, is calculated. In
addition, smoothing effect is evaluated by using frequency fluctuation AF
(AFwq, AFq ). AF is calculated by applying Py and Pg_.; to the frequency
calculation model. The required SMES power capacity for smoothing Py
and an LPF time constant suitable for the reference value with enough
smoothing effect are investigated by using ¢ and AF in this simulation.
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Table 7.6 Wind Speed Condition

Average Standard Deviation of
Wind Data’s Name Wind Speed [m/s] Wind Speed [m/s]
Wind-1 Medium 9.28 Large 1.82
Wind-2 Medium 8.45 Large 2.01
Wind-3 Medium 9.44 Medium 1.54
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Figure 7.24 (See color insert.) Maximum frequency fluctuation (WG capacity 10%).
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Figure 7.25 (See color insert.) Maximum frequency fluctuation (WG capacity 20%).

Figures 7.24 and 7.25 show the maximum frequency fluctuation with
respect to the LPF time constant for two cases of wind generator capacity,
10% and 20%, respectively. Frequency fluctuation decreases as the LPF time
constant increases. Therefore, if the transmission line power is compensated
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Figure 7.26 (See color insert.) Assumed SMES output standard deviation.

according to reference value P, it is possible to decrease the system fre-
quency fluctuation due to the wind generator output fluctuations. It is clear
from Figures 724 and 7.25 that the maximum frequency fluctuations con-
verge to almost 0 Hz when the LPF time constant is over 120 sec.

Figure 7.26 shows the standard deviation, o, of the SMES output with
respect to the LPF time constant for the two wind generator capacities
(10% and 20%). ¢ increases as the LPF time constant increases. However,
as can be seen from Figure 7.26, the function of ¢ is not monotonous and
saturates where the LPF time constant is about 120 sec. Therefore, if a lon-
ger LPF time constant and thus the larger capacity of SMES are adopted,
the frequency deviation becomes small; however, the degree of improve-
ment also becomes small. Table 7.7 shows ¢ and AF in each condition.
Considering these results, the reference value of transmission line power
corresponding to ¢ for 120 sec, the LPF time constant may be sufficient
for the smoothing control. Consequently, it can be said that if a 120 sec
LPF time constant is adopted, the suitable reference value with enough
smoothing effect can be obtained. If the power capacity of the SMES is
determined based on the value of 26, approximately 95% of necessary
smoothing output can be achieved according to the characteristic of stan-
dard deviation. This capacity of SMES is applied for compensating Py
fluctuations in the next simulation analysis.

Required energy storage capacity of the SMES is estimated when the
latter compensates for the wind generator’s fluctuating power accord-
ing to reference power PG-ref calculated using the LPF with several time
constants including the best one determined in the previous section.
Figure 7.27 shows the model for this evaluation. The wind power output
is assumed as an ideal periodic sinusoidal wave form or trapezoidal wave
form, and then the behavior of the SMES stored energy is investigated.
To evaluate the influence of the period of wind power fluctuation on the



Table 7.7 The Standard Deviation of SMES Output and Maximum Frequency Fluctuation in Each Condition

Wind Generator Capacity 10 [MW] Wind Generator Capacity 20 [MW]
LPF time Wind-1 Wind-2 Wind-3 Wind-1 Wind-2 Wind-3
const [sec] o [MW] Af[Hz] o [MW] Af[Hz] o[MW] Af[Hz] o[MW] Af[Hz] o[MW] Af[Hz] o [MW] Af[Hz]
0 0.000 0.133 0.000 0.185 0.000 0.093 0.000 0.266 0.000 0.369 0.000 0.186
15 1.516 0.032 1.848 0.036 1.591 0.036 3.032 0.044 3.697 0.073 3.182 0.072
30 1.985 0.021 2.042 0.019 1.934 0.020 3.971 0.041 4.083 0.038 3.868 0.040
60 2.438 0.011 2.200 0.010 2.176 0.010 4.876 0.022 4.399 0.020 4.352 0.020
120 2.710 0.006 2.411 0.006 2.315 0.005 5.421 0.011 4.823 0.011 4.630 0.010
180 2.788 0.004 2.556 0.004 2.358 0.004 5.575 0.007 5.112 0.008 4.716 0.007
240 2.823 0.003 2.633 0.003 2.383 0.003 5.646 0.006 5.267 0.006 4.765 0.006
300 2.844 0.002 2.669 0.002 2.403 0.002 5.689 0.005 5.338 0.005 4.807 0.004
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Figure 7.27 Simulation model.

smoothing effect, five LPF time constants (30, 60, 120, 180, and 300 sec)
are used and the period of wind power fluctuation is varied from 10 to
1,200 sec. The required energy capacity of SMES can be determined as a
difference of the maximum and the minimum values of the stored energy.

Table 7.8 shows a difference of the maximum and the minimum val-
ues of the SMES stored energy with respect to the period of fluctuation
for several LPF time constants in two cases. In Table 7.8, the result in the
case of an extremely long period (12,000 sec) is also indicated. From these
results, (712) can be established. Consequently, the required SMES energy
storage capacity to compensate fluctuating wind power with relatively
long periodic change can be decided approximately by using (7.12), and
the energy storage capacity greater than this is not needed [3—4].

E (M]) = T (sec) x Pyyr (MW) (712)

where E (M]) is the saturated value of the range of energy change of the
SMES, T (sec) is the LPF time constant, and P,,; (MW) is the rated wind
farm output.

Since it is shown that the frequency fluctuation can be decreased suf-
ficiently by the reference value Pg_., which is determined based on a LPF
time constant of 120 sec, this value is used to calculate the reference value
using the system shown in Figure 711. The model system used in the
simulation analysis is shown in Figure 7.28. In this simulation analysis,
the power capacity of the SMES is determined based on the value of 2c,
because the necessary smoothing effect can be achieved by an SMES with
this capacity as shown in the previous section. When the power capacity
of the wind generator is 10% of the entire power system, then the SMES
power capacity is 5.5 MW (26 =2.7 x 2 = 5.4, where ¢ = 2.7 MW). Similarly,
when the wind generator capacity is 20%, the SMES capacity is 11 MW



Table 7.8 The Range of Changing SMES Energy for Each Input
The Range of Changing SMES Energy (M])

Sinusoidal-Wave Input Trapezoidal-Wave Input
. LPF Time Constant LPF Time Constant
Period
(sec) 30 (sec) 60 (sec) 120(sec) 180 (sec) 300 (sec) 30 (sec) 60 (sec) 120 (sec) 180 (sec) 300 (sec)
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 47.20 47.64 47.90 48.52 50.38 69.94 70.91 71.17 71.25 71.85
60 90.98 94.29 95.42 96.72 100.40 132.64 139.87 141.83 142.28 143.55

120 161.11 182.00 189.00 192.25 199.44 221.85 265.29 279.75 282.76 286.23
300 254.02 373.61 444.09 464.91 486.78 294.80 497.67 638.96 677.58 703.14
600 286.20 508.04 747 .46 846.21 925.06 299.95 589.60 995.36 1186.59 1330.76
900 293.62 553.41 919.87 1121.20 1298.86 299.99 599.01 1133.44 1493.44 1844.31
1200 296.36 572.41 1016.08 1309.95 1613.18 300.00 599.90 1179.20 1653.86 2220.98

| - - | | | - - | | |
12000 ~_ ~_ 1197.63 1792.05 2963.66 ~_ ~_ 1199.99 1799.99 2999.99
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Figure 7.28 Model system.

(o = 54 MW). SMES power capacities in these two cases are both 55% of
the wind generator rated capacities (10 and 20% of the entire power sys-
tem). In the following simulations, two cases using SMES systems with
capacities of 55 and 50% of the wind generator rated capacity are exam-
ined for the three wind speed patterns.

Figure 7.29 shows responses of wind generator output and transmis-
sion line power when the capacity of the wind generator is 10% of the entire
power system and the SMES power capacity is 55% and 50% of the wind
generator. Figure 7.30 shows responses of frequency fluctuation under the
same condition as Figure 7.29. Figure 7.31 shows responses of wind gen-
erator output and transmission line power when the capacity of the wind
generator is 20% and the SMES power capacity is 55% and 50%. Figure 7.32
shows responses of frequency fluctuation under the same condition as
Figure 7.30. Table 7.9 shows values of the maximum frequency fluctuation
in each case. As shown in Figures 7.29 to 7.32, since necessary compensat-
ing power exceeds the capacity of the SMES system in some instances,
large frequency fluctuation occurs, especially in the case of wind-2. It can
be seen in Table 7.9 that frequency fluctuations in SMES power capacity at
50% are greater than those in SMES power capacity at 55%. The maximum
frequency fluctuation in SMES power capacity at 50% is 0.061 Hz for 10%
WG and 0.122 Hz for 20% WG, whereas the maximum frequency fluctua-
tion in SMES power capacity at 55% is 0.006 Hz for 10% WG and 0.012 Hz
for 20% WG. The former is approximately 10 times larger than the latter.
Therefore, it can be said that the SMES with 50% power capacity of that of
wind generator is not sufficient.

Consequently, it can be concluded that if an LPF time constant of
120 sec is selected and an SMES system with 55% power capacity of that
of wind generator is adopted, a suitable reference value for the transmis-
sion line power can be obtained and then sufficient smoothing effect can
be achieved. Moreover, the energy storage capacity of the SMES can be
determined to 2,400 MJ according to (7.12).
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Figure 7.29 (See color insert.) Wind generator output and transmission line power
(WG capacity 10%).

7.5 Power Quality Improvement Using a
Flywheel Enerqy Storage System

A flywheel energy storage system using a squirrel-cage induction machine
is explained in this context. The system uses the squirrel-cage induction
machine, which is widely available and inexpensive, and the simple volt/
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Figure 7.30 (See color insert.) Frequency fluctuation (WG capacity 10%).

hertz control technique with just nameplate data as machine parameters.
Therefore, no complex parameter measurement is necessary, and the sys-
tem has an advantage on parallel operation because adding or replacing
units is straightforward. Hence, it can easily operate with different types
of storage or distributed energy sources in DC bus microgrid systems.

Moreover, the control scheme improves the overall stability of the DC bus
system [66].
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Figure 7.31 (See color insert.) Wind generator output and transmission line power
(WG capacity 20%).

Advances in power electronics, magnetic bearings, and flywheel
materials have made flywheel systems a viable energy storage option.
Although it has higher initial cost than batteries, flywheel energy storage
has advantages such as longer lifetime, lower operation and maintenance
costs, and higher power density (typically by a factor of 5 to 10). Flywheel
systems have been used in many applications instead of or in conjunc-
tion with batteries. Machines such as permanent magnet (PM) machines,
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Figure 7.32 (See color insert.) Frequency fluctuation (WG capacity 20%).

synchronous reluctance machines, synchronous homopolar machines,
and induction machines have been explored for flywheel motors and gen-
erators. PM machines have advantages such as lower rotor losses, high
power factor, efficiency, and power density. However, high-power mag-
nets are costly and have an inherent disadvantage of spinning losses.
Synchronous homopolar machines, although they havebeenresearched
for various applications, are not widely used in practice. Synchronous
reluctance machines can be a viable choice for a flywheel motor or gen-
erator, but the machines are not easily available. Induction machine-based
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Table 7.9 Maximum Frequency Fluctuation in Each Condition

AFG [Hz]
Wind Wind .
Generator Speed AFWG SMES Power Capacity
Capacity Data (Hz) 55 (%) 50 (%)
10 (%) wind-1 0.133 0.009 0.025
wind-2 0.184 0.048 0.061
wind-3 0.092 0.011 0.017
20 (%) wind-1 0.265 0.019 0.05
wind-2 0.369 0.095 0.122
wind-3 0.185 0.024 0.031

flywheel systems have been investigated, and it has been suggested that
the rugged and inexpensive induction machines are good candidates for
high-power flywheel motors or generators. Field-oriented vector control-
lers are generally used for faster dynamic response, which require complex
machine parameter measurements and complicated controllers.

However, the majority of the fast disturbances are shorter than several
seconds, and storage devices needed to store the intermittent generation of
renewable energy sources do not necessarily have to be fast if they are not
focusing on transient performance improvement. Considering the overall
cost, it would be more efficient for a microgrid system to use a combina-
tion of faster storage devices for short transient and slower but inexpensive
storage units for massive energy charge and discharge with renewable
energy sources such as wind turbines and photovoltaic systems.

7.5.1 DC Bus Microgrid System

Among the microgrids that have been researched recently, low-voltage
DC (LVDC) bus-based systems have received attention because of advan-
tages such as fast control without need for communication, a variety of DC
energy sources and loads, and efficiencies on system size and cost. A block
diagram of a typical DC bus microgrid system is shown in Figure 7.33.

The LVDC systems use the voltage droop technique, involving the
DC bus voltage as a command signal. DC bus systems do not have the
functional issues of AC systems such as synchronization and reactive
power compensation. Unlike large-scale distribution systems, the LVDC
microgrid system does not have a resistive loss issue because the length of
the bus is much shorter. Also, sharing a DC bus has a structural advantage
because all the energy sources and loads are connected via DC-to-DC or
DC-to-AC voltage source converters that use DC voltage as their medium.
Another layer of DC-to-AC converters is necessary for some subsystems
to make an AC bus system.



194 Wind Energy Systems: Solutions for Power Quality and Stabilization

; DC bus
AC grid Flywheel
@—N\’M AC/DC
DC/AC
Windturbine
AC/DC o M
DC/DC Batt
Photovoltaic
DC/DC
DC/AC AC load
DC load DC/DC Mi
DC/AC 4@— wero
turbine

Figure 7.33 Conceptual diagram of a DC bus microgrid system.

Using the fast-acting power electronics converters, constant voltage
can be supplied to the loads regardless of some fluctuations on the bus
side, and the renewable energy sources can readily generate maximum
power with maximum power point tracking (MPPT) techniques. As a
small-scale power system, a microgrid can have relatively higher load fluc-
tuations, especially when it is not operating in grid-connected mode. This
is because the inertia of the generators is not as large as that found in the
large-scale synchronous generators. Generation of power from the renew-
able energy sources relies heavily on natural conditions, and they are
intermittent. Hence, energy storage devices are required for stable opera-
tion of a microgrid system in either grid-connected or islanded operations.
A flywheel-based energy storage system is investigated in this work.

To develop a cost-effective system, a squirrel-cage induction machine
is selected for the motor or generator of the flywheel energy storage in this
work. A per-phase equivalent circuit of an induction machine is shown in
Figure 7.34. Easy parallel operation is an important factor in energy stor-
age for higher capacity.

7.5.2  Volt/Hertz Control

Volt/hertz control has been widely used for induction machine speed
control. The field-oriented vector control technique has been used for
applications that need fast response, but it requires parameter measure-
ments, current feedback, a machine model, and controller tuning. On the
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Figure 7.34 Induction machine per-phase equivalent circuit.

contrary, all of the information necessary to run an induction machine
in rated condition, such as voltage, speed, and slip, can be found on the
nameplate of the machine for volt/hertz control.

Much research on flywheel energy storage systems has used field-ori-
ented controllers because the applications need quite fast energy flow, for
example, Uninterruptable Power Supply (UPS) application compensating
the voltage dip. However, if an energy storage system absorbs or releases
the energy in slow dynamics, volt/hertz control can be a valid candidate
due to its simplicity and inherent stability.

7.5.3  Microgrid System Operation

The microgrid system shown in Figure 7.33 uses the DC bus voltage as
a control signal. Hence, a prime mover, such as a grid-connected con-
verter or micro turbine unit, does not control the voltage tightly at a fixed
reference voltage to reflect the energy flow on the bus voltage if it is in
the nominal operating region above the minimum threshold. All of the
renewable energy source units are operating in the power mode, which is
generating its maximum power when the energy is available. Hence, the
bus voltage will rise above the nominal operating range if the generation
is larger than the load power consumption. The storage devices detect the
excessive energy in the bus and absorb it. If the generated energy is large
enough to exceed the maximum threshold, the grid-connected converter
can push it back to the grid.

When the DC bus voltage gets lower than the discharge threshold due
to the increased load or decreased generation, the energy stored in the
storage units is discharged to the bus to maintain the bus voltage at the
minimum level. If all the energy storages and generators are not able to
hold the bus voltage at the minimum level, load shedding can be initiated
by disconnecting some of the power electronics converters supporting
lower priority loads. If different kinds of storage or load control units are
connected to the bus, the priority can be easily controlled by setting the
thresholds differently. The units in the microgrid are autonomously oper-
ating using the bus voltage without communicating between units or to
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a central controller; hence, addition, replacement, or removal of the units
can be done easily without any major change in the control configuration
unlike the centrally controlled system.

7.5.4  Control of Flywheel Energy Storage System

The control block diagram of the flywheel drive system is shown in
Figure 7.35. The controller consists of three parts—mode control, slip con-
trol, and voltage control—to generate the proper voltage and frequency
for the flywheel induction motor or generator. The low-pass filter filters
out the high-frequency voltage fluctuations. The mode control determines
the operating mode based on the bus voltage. The operating modes of the
proposed flywheel energy storage system, and the state machine of the
mode control can be seen in Figure 7.36. Each mode has associated voltage
levels predefined in the mode control, as shown in Figure 7.37.
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Figure 7.37 Bus voltage thresholds for control.

7.5.5  Stability Consideration

It is well known that DC power distribution systems can have stability
issues due to the negative impedance of the connected converters, even
if the individual subsystems are stable. The input impedance of the con-
verter can be expressed as (7.13). The input impedance of the converters
becomes negative when they are operating in constant power mode.

where A denotes the deviation from the steady-state operating point values.

2
7. = Z']dc __ (Vac) (713)
Lac PO

The power electronics converters can tightly control their output
power as almost constant, and the negative impedance affects the DC bus
stability adversely. It has also been suggested that the output impedances
of the sources Z, should be smaller than input impedances of the loads Z;
for the overall stability of the DC bus.

12,/<<[Z] (714)

Although this is not a direct issue for the proposed energy storage
system because it does not operate in constant power mode, its effect on
overall system stability needs to be considered. The proposed system con-
trols the power with the slip and constant volt/hertz ratio, which keeps
the torque proportional to the slip. When the flywheel energy storage
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Figure 7.38 Configuration of a DFIG wind turbine equipped with a supercapaci-
tor ESS connected to a power grid.

system charges the energy from the bus, the slip is proportional to the
bus voltage. Hence, the power that the storage system takes from the bus
is proportional to the bus voltage and the impedance of the system is
always positive. On the other hand, the slip is inversely proportional to
the change of the bus voltage, which lowers the overall source impedance
because the DC current the storage system discharges increases as the bus
voltage decreases. Therefore, the energy storage system can improve the
overall stability of the system in either operating mode.

7.6 Constant Power Control of DFIG Wind
Turbines with Supercapacitor Energy Storage

This section discusses a novel two-layer constant power control (CPC)
scheme for a wind farm equipped with DFIG wind turbines, where each
WTG is equipped with a supercapacitor energy storage system (ESS). The
CPC consists of a high-layer wind farm supervisory controller (WFSC)
and low-layer WTG controllers. The high-layer WESC generates the active
power references for the low-layer WTG controllers of each DFIG wind
turbine according to the active power demand from the grid operator. The
low-layer WTG controllers then regulate each DFIG wind turbine to gen-
erate the desired amount of active power, where the deviations between
the available wind energy input and desired active power output are com-
pensated by the ESS [67].

Figure 7.38 shows the basic configuration of a DFIG wind turbine
equipped with a supercapacitor-based ESS. The low-speed wind turbine
drives a high-speed DFIG through a gearbox. The DFIG is a wound-rotor
induction machine. It is connected to the power grid at both stator and
rotor terminals. The stator is directly connected to the grid, whereas the
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rotor is fed through a variable-frequency converter, which consists of a
rotor-side converter (RSC) and a grid-side converter (GSC) connected back
to back through a DC link and usually with a rating of a fraction (25-30%)
of the DFIG nominal power. As a consequence, the WTG can operate with
the rotational speed in a range of +25-30% around the synchronous speed,
and its active and reactive powers can be controlled independently. In
this work, an ESS consisting of a supercapacitor bank and a two-quadrant
DC-to-DC converter is connected to the DC link of the DFIG converters.
The ESS serves as either a source or a sink of active power and therefore
contributes to control the generated active power of the WTG. The value of
the capacitance of the supercapacitor bank can be determined by

2P,T

Cess = V2
SC

(715)

where C,, is in farads, P, is the rated power of the DFIG (watts), V is
the rated voltage of the supercapacitor bank (volts), and T is the desired
time period (seconds) that the ESS can supply or store energy at the rated
power (P,) of the DFIG.

The use of an ESS in each WTG rather than a large single central ESS
for the entire wind farm is based on two reasons. First, this arrangement
has a high reliability because the failure of a single ESS unit does not
affect the ESS units in other WTGs. Second, the use of an ESS in each
WTG can reinforce the DC bus of the DFIG converters during transients,
thereby enhancing the low-voltage ride-through capability of the WTG.

7.6.1  Control of Individual DFIG Wind Turbines

The control system of individual DFIG wind turbines generally consists of
two parts: (1) the electrical control of the DFIG; and (2) the mechanical con-
trol of the wind turbine blade pitch angle and yaw system. Control of the
DFIG is achieved by controlling the RSC, the GSC, and the ESS as shown
in Figure 7.38. The control objective of the RSC is to regulate the stator-
side active power P, and reactive power Q, independently. The control
objective of the GSC is to maintain the DC link voltage V. constant and to
regulate the reactive power Q, that the GSC exchanges with the grid. The
control objective of the ESS is to regulate the active power P, that the GSC
exchanges with the grid.

7.6.2  Control of the RSC

Figure 7.39 shows the overall vector control scheme of the RSC, in which
the independent control of the stator active power P, and reactive power
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Figure 7.39 Overall vector control scheme of the RSC.

Q, is achieved by means of rotor current regulation in a stator-flux-ori-
ented synchronously rotating reference frame. Therefore, the overall RSC
control scheme consists of two cascaded control loops. The outer control
loop regulates the stator active and reactive powers independently, which
generates the reference signals i*;, and i, of the d- and g-axis current com-
ponents, respectively, for the inner-loop current regulation. The outputs
of the two current controllers are compensated by the corresponding
cross-coupling terms v,,, and v,,,, respectively, to form the total voltage
signals v, and v,,. They are then used by the PWM module to generate the
gate control signals to drive the RSC. The reference signals of the outer-
loop power controllers are generated by the high-layer WFSC.

7.6.3  Control of the GSC

Figure 740 shows the overall vector control scheme of the GSC, in which
the control of the DC link voltage V. and the reactive power Q, exchanged
between the GSC and the grid is achieved by means of current regula-
tion in a synchronously rotating reference frame. Again, the overall GSC
control scheme consists of two cascaded control loops. The outer control
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loop regulates the DC link voltage V. and the reactive power Q,, respec-
tively, which generates the reference signals i*;, and i*,, of the d- and g-axis
current components, respectively, for the inner-loop current regulation.
The outputs of the two current controllers are compensated by the corre-
sponding cross-coupling terms v,,, and v,,,, respectively, to form the total
voltage signals v,, and v,,. They are then used by the PWM module to gen-
erate the gate control signals to drive the GSC. The reference signal of the
outer-loop reactive power controller is generated by the high-layer WFSC.

7.6.4  Configuration and Control of the ESS

Figure 741 shows the configuration and control of the ESS. The ESS con-
sists of a supercapacitor bank and a two-quadrant DC-to-DC converter
connected to the DC link of the DFIG. The DC-to-DC converter contains
two IGBT switches S; and S,. Their duty ratios are controlled to regulate
the active power P, that the GSC exchanges with the grid. In this configu-
ration, the DC-to-DC converter can operate in two different modes (i.e.,
buck or boost mode) depending on the status of the two IGBT switches.
If S, is open, the DC-to-DC converter operates in the boost mode; if S, is
open, the DC-to-DC converter operates in the buck mode. The duty ratio
D, of S, in the buck mode can be approximately expressed as

Vse

dc

D, - (716)
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and the duty ratio D, of S, in the boost mode is D, = 1 — D;. In this book,
the nominal DC voltage ratio Vsc,,/Vy.,, is 0.5, where V., and V,,, are
the nominal voltages of the supercapacitor bank and the DFIG DC link,
respectively. Therefore, the nominal duty ratio D,,, of S, is 0.5.

The operating modes and duty ratios D, and D, of the DC-to-DC con-
verter are controlled depending on the relationship between the active
powers P, of the RSC and P, of the GSC. If P, is greater than P,, the con-
verter is in buck mode and D; is controlled, such that the supercapacitor
bank serves as a sink to absorb active power, which results in the increase
of its voltage Vsc. On the contrary, if P, is greater than P, the converter
is in boost mode and D, is controlled, such that the supercapacitor bank
serves as a source to supply active power, which results in the decrease
of its voltage V.. Therefore, by controlling the operating modes and duty
ratios of the DC-to-DC converter, the ESS serves as either a source or a
sink of active power to control the generated active power of the WTG. In
Figure 741, the reference signal P*, is generated by the high-layer WFSC.

7.6.5 Wind Turbine Blade Pitch Control

Figure 742 shows the blade pitch control for the wind turbine, where o,
and P, (= P, + P, are the rotating speed and output active power of the
DFIG, respectively. When the wind speed is below the rated value and
the WTG is required to generate the maximum power, o, and P, are set at
their reference values, and the blade pitch control is deactivated. When the
wind speed is below the rated value but the WTG is required to generate a
constant power less than the maximum power, the active power controller
may be activated, where the reference signal P* is generated by the high-
layer WFSC and P, takes the actual measured value. The active power
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Figure 7.42 Blade pitch control for the wind turbine.

controller adjusts the blade pitch angle to reduce the mechanical power
that the turbine extracts from wind. This reduces the imbalance between
the turbine mechanical power and the DFIG output active power, thereby
reducing the mechanical stress in the WTG and stabilizing the WTG sys-
tem. Finally, when the wind speed increases above the rated value, both
o, and P, take the actual measured values, and both the speed and active
power controllers are activated to adjust the blade pitch angle.

7.6.6  Wind Farm Supervisory Control

The objective of the WFSC is to generate the reference signals for the outer-
loop power controllers of the RSC and GSC, the controller of the DC-to-DC
converter, and the blade pitch controller of each WTG, according to the
power demand from or the generation commitment to the grid operator. The
implementation of the WFSC is described by the flow chart in Figure 743,
where P, is the active power demand from or the generation commitment to
the grid operator; v,; and V,; are the wind speed in meters per second and
the voltage of the supercapacitor bank measured from WTGi(i=1,...,N),
respectively; and N is the number of WIGs in the wind farm.

7.7 Output Power Leveling of Wind Generator
Systems by Pitch Angle Control

In medium- to large-size wind turbine generator systems, control of the
pitch angle is a usual method for output power control in previously rated
wind speed. Several control methods for controlling the pitch angle have
been reported so far, such as the back stepping method and the feed-
forward method. However, the variation in parameters and the effect
of wind shear for windmill have not been considered in these methods.
Considering this, the pitch angle control using minimum variance con-
trol and generalized predictive control (GPC) was reported. The afore-
mentioned methods have a fixed pitch angle at 10° in below-rated wind
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Figure 7.43 Flow chart of implementation of the WFSC.

speed; however, an actual wind speed distribution has much higher prob-
ability in below-rated wind speed. Thus, if many WTGs using squirrel-
cage induction generators are interconnected to the power system, output
power fluctuation is supplied to the power system. The VS WTG occurs
in similar situations because the VS WTG in below-rated wind speed is
based on the maximum energy capture strategy that is corresponding to
wind speed variation. But the leveling of output power has a problem as
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Figure 7.44 Pitch angle control system using GPC.

the output power reduces in below-rated wind speed. It is evident that
a large-scale wind farm could be increased in the near future. Thus, in
all operating regions, the output power fluctuation control of stand-alone
WTG becomes important [60].

In this context, output power leveling of WTG for all operating regions
by pitch angle control is discussed. The method presents a control strat-
egy based on the average wind speed and standard deviation of wind
speed and the pitch angle control, using GPC in all operating regions for
WTG. The output power command is determined by approximate equa-
tion for windmill output using average wind speed. The output power
of WTG for all operating regions is leveled by GPC, which is based on
output power command. Thus the WTG is capable of providing stability
operation for rapid change in operating point. And with this method it is
possible to level output power of WTG for all operating regions by pitch
angle control. Moreover, this pitch angle control can be used regardless of
the kind of generators such as a permanent magnet synchronous genera-
tor (PMSG), a synchronous generator (5G), and DFIG.

The pitch angle control system using a GPC is shown in Figure 7.44,
where Pgo(k) is output power command, Pg(k) is output power, e(k) is out-
put power error of generator, u2(k) is control input of self-tuning regulator
(STR), and k is number of sampling. The windmill and generator system is
shown in Figure 745. Figure 7.46 shows the pitch angle control system that
resolves pitch angle command B, where output power error e is used as
input into potential difference (PD) controller. The hydraulic servo system
is shown in Figure 747. The system actually has nonlinear characteristics,



206 Wind Energy Systems: Solutions for Power Quality and Stabilization

VW
M, V,) ©
p + 2 Py
p—y Cp()\v B = P,(V,) J sqrt Slip(w) 1G(slip)

Figure 7.45 System configuration of windmill and generator.

Table2D

90 deg =0
e 1+Tys AP o \ Bemp
1+T,s
10 deg >0
Pitch angle
selector
Figure 7.46 Pitch angle control system.
90 deg
Beamp 1 p
1+T,s
10 deg

Figure 7.47 Hydraulic servo system.

but it is able to make a first-order lag system. The pitch angle command
Bewp is limited by a limiter at the range of 10-90°.

The conventional method for the pitch angle law is fixed at more
than cut-in wind speed and less than rated wind speed so that the out-
put power for WTG is proportional to the fluctuation of wind speed at
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Figure 7.48 Pitch angle control law for all operating regions.

more than cut-in wind speed and less than rated wind speed. Thus, to
achieve output power leveling of WTG for all operating regions by pitch
angle control, the pitch angle control law has been extended as shown
in Figure 748, whereas the fixed rated output power command has been
converted to variable output power command.

7.8  Chapter Summary

This chapter deals with fluctuation minimization of power, frequency,
and voltage by energy storage devices, especially using SMES systems.
Various energy storage systems are discussed. A comparison among
energy storage systems is also done. A multimachine power system con-
sisting of hydraulic generators, diesel generators, and a fixed-speed wind
generator is considered. The performance of the SMES is evaluated by
considering their different load demands and energy capacities. Also, an
attempt is made to evaluate the power and energy ratings of SMES sys-
tems. The required SMES power rating is analyzed using the standard
deviation of frequency fluctuations with respect to the LPF time constant.
From the simulation results, the following points are noteworthy.

1. By using the SMES system, the system frequency fluctuations are
successfully minimized, and the frequency is maintained almost at
the level of the nominal value of 60 Hz for different load demands.

2. The SMES can successfully minimize voltage fluctuations and can
smooth the transmission line power.
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3. The larger the capacity of the SMES is, the better the ability of fluc-

tuations minimization of frequency, power, and voltage becomes.
However, if a large-size SMES is adopted, its installation cost
increases. Thus, the SMES capacity for fluctuations minimization of
power, frequency, and voltage should be selected considering the
viewpoint of cost-effectiveness.

. If a 120 sec LPF time constant is selected and an SMES unit with a
55% power rating of that of the wind generator is adopted, a suitable
reference value for the compensating power can be obtained and
then sufficient smoothing effect can be achieved.

. The required energy storage capacity of the SMES system is esti-
mated under wind power fluctuations with various periodic wave
forms. As a result, it is shown that the energy storage capacity can be
obtained by the product of the wind farm power rating and the LPF
time constant, and finally it is confirmed from simulation results
that this estimation is valid.

Furthermore, this chapter discusses the output power leveling of

wind generator systems by pitch angle control, power quality improve-
ment by flywheel energy storage system, and constant power control of
DFIG wind turbines with supercapacitor energy storage.
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chapter 8

Solutions for Transient
Stability Issues of Fixed-Speed
Wind Generator Systems

8.1 Introduction

Induction machines are mostly used as wind generators. However, induc-
tion machines have stability problems, similar to the transient stabil-
ity of synchronous machines [1-6]. Therefore, it is important to analyze
the transient stability of power systems including wind power stations.
The research on the selection of a suitable device for the stabilization of
fixed-speed wind generators is a matter of interest. In literature, the static
synchronous compensator (STATCOM) is reported to stabilize the fixed-
speed wind generator [7-9]. The braking resistor (BR) has been recognized
and used as a cost-effective measure for transient stability control of syn-
chronous generators for a long time. According to some recent reports,
BRs can be used for wind generator stabilization as well [10-16]. A con-
troller of the blade pitch angle of a windmill is, in general, equipped with
wind turbines. Although the main purpose of the pitch controller is to
maintain output power of a wind generator at the rated level when wind
speed is above the rated speed, it can enhance the transient stability of the
wind generator by controlling the rotor speed [17-19].

Superconducting magnetic energy storage (SMES) is a large supercon-
ducting coil capable of storing electric energy in the magnetic field gener-
ated by direct current (DC) current flowing through it. The real as well as
reactive power can be absorbed (charging) by or released (discharging)
from the SMES coil according to system power requirements. Since the
successful commissioning test of the BPA 30 MJ unit, SMES systems have
received much attention in power system applications, such as diurnal
load demand leveling, frequency control, automatic generation control,
and uninterruptible power supplies. Recently, research has been con-
ducted to investigate the effectiveness of SMES as a tool for the stabiliza-
tion of grid-connected wind generator systems [20-25]. Superconducting
fault current limiters (SFCLs) can suppress short-circuit currents using
the unique quench characteristics of superconductors. In the event of a
fault, the superconductor undergoes a transition into its normal state (i.e.,
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quenching). After quenching, the current is commutated to a shunt resis-
tance and is then limited rapidly [26-30]. Using this excellent performance
of superconductors, the SFCL has been demonstrated as a tool to stabilize
the variable-speed wind generator system [31-32].

This chapter discusses the aforementioned stabilization methods of
wind generator systems in detail and also compares them. The analysis is
performed in terms not only of transient stability enhancement but also of
controller complexity and cost. One of the salient features of this chapter
is that the transient stability analysis of wind generator systems is carried
out considering the unsuccessful reclosing of circuit breakers. The effec-
tiveness of each stabilization method is demonstrated through simulation
results. It is hoped that this chapter would help readers understand the
relative effectiveness of these stabilization methods and would provide a
guideline for selecting a suitable technique for the stabilization of wind
energy systems.

8.2 Model System

To analyze transient stability, the model system shown in Figure 8.1 was
considered [1]. The model system consists of one synchronous generator
(100 MVA, SG) and one wind turbine generator (50 MVA induction gen-
erator, IG), which deliver power to an infinite bus through a transmission
line with two circuits. Though a wind power station is composed of many
generators practically, it is considered to be composed of a single genera-
tor with the total power capacity in this chapter. There is a local trans-
mission line with one circuit between the main transmission line and a
transformer at the wind power station. A capacitor C is connected to the

P=10 0.04 + 0.2
V=103 11/66 KV

OmO O
j0.1

0.05 +0.3

0.04 +j0.2
Fault Inf bus

P=05

V=10
0.69/66 KV 50 Hz 100 MVA Base

SMES/
STATCOM

Figure 8.1 Power system model.
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Figure 8.3 GOV model.

Table 8.1 Generator Parameters

SG IG
MVA 100 MVA 50
r, (pu) 0.003 1 (pu) 0.01
X, (pu) 0.13 x; (pu) 0.18
Xq (pu) 1.2 X (PU) 10.0
X4 (pw) 0.7 1, (pu) 0.015
X5 (pu) 0.3 X, (pu) 0.12
X5 (pw) 0.22  H(sec) 0.75
X3 (pu) 0.22
X7 (pu) 0.25
T’do (sec) 5.0
T”do (sec) 0.04
T”qo (sec) 0.05

terminal of the wind generator to compensate the reactive power demand
for the induction generator at the steady-state. The value of C has been
chosen so that the power factor of the wind power station becomes unity
when it is generating the rated power (P = 0.5, V = 1.0). The automatic volt-
age regulator (AVR) and governor (GOV) control system models shown in
Figures 8.2 and 8.3, respectively, for the synchronous generator are con-
sidered. Table 8.1 shows the synchronous generator parameters as well as
induction generator parameters used for the simulation analysis [33-34].

8.3 Pitch Control Method

Blade pitch control is the system that monitors and adjusts the inclination
angle of the blades and thus controls the rotation speed of the blades. At
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lower wind speeds, the pitching system leads to an acceleration of the
hub rotation speed, whereas at higher speeds blade pitch control reduces
the wind load on the blades and structure of the turbine. Over a certain
wind speed the blade pitch control starts to rotate the blades out of the
wind, thereby slowing and stopping the blades to avoid complete damage.
Thus, the main purpose of using a pitch controller with a wind turbine
is to maintain a constant output power at the terminal of the generator
when the wind speed is over the rated speed; however, it can enhance the
transient stability of the wind generator by controlling the rotor speed.
The pitch control system model of the wind turbine used in this book is
shown in Figure 8.4. The time constant, T, of the control system is 3.0 sec.
The parameters of the PI controller, Kp =252 and T; = 0.3, are determined
by trial and error to obtain the best system performance.

8.4 Superconducting Magnetic
Energy Storage Method

An SMES device is a DC current device that stores energy in the magnetic
field. The DC current flowing through a superconducting wire in a large
magnet creates the magnetic field. Figure 8.5 shows the basic configuration

r

T,=03 10°/S 90
+ — —
O1Gref K, (1+ 1—) ma L 7\ > [3
- PETTS 1+ 7,8 )L /

PI controller Rate limiter 0

Figure 8.4 Pitch control system model.
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Figure 8.5 Basic configuration of SMES system.
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of the proposed SMES unit, which consists of a Wye-Delta 66 KV/0.77 KV
transformer, a six-pulse pulse width modulation (PWM) rectifier/inverter
(50 MVA) using an insulated gate bipolar transistor (IGBT), a two-quad-
rant DC-to-DC chopper using an IGBT, and a superconducting coil or
inductor of 0.24 H. The PWM converter and the DC-to-DC chopper are
linked by a DC link capacitor of 60 mF [36]. The detailed explanation of
the voltage source converter (VSC) and the two-quadrant DC-to-DC chop-
per is described next.

For an SMES system, the inductively stored energy (E in Joule) and the
rated power (P in watts) are commonly the given specifications for SMES
devices and can be expressed as follows:

E= lLsmlsmz
2
8.1)
dE dl
P = = Lsnllsm S = ‘/Smlsm
dt dt

where L, is the inductance of the coil, I, is the DC current flowing
through the coil, and V,,, is the voltage across the coil. The SMES unit is
located at the wind generator terminal bus. It is considered that the SMES
has the rating of 50 MW and 0.05 MWh.

8.4.1 PWM Voltage Source Converter

The PWM VSC provides a power electronic interface between the alternat-
ing current (AC) power system and the superconducting coil. In the PWM
generator, the sinusoidal reference signal is phase modulated by means of
the phase angle, a, of the VSC output AC voltage. The phase angle, a, is
determined from the outputs of the proportional-integral (PI) controllers
as shown in Figure 8.6, where AV, and AV g indicate the capacitor voltage
deviation and terminal voltage deviation of the induction generator, respec-
tively. The PI controller parameters are determined by trial and error to
obtain the best system performance. In this book, the amplitude modula-
tion index of the sinusoidal reference signal is chosen as 1.0. The modulated
sinusoidal reference signal is compared with the triangular carrier signal to
generate the gate signals for the IGBTs. The frequency of the triangular car-
rier signal is chosen as 450 Hz. The DC voltage across the capacitor is 1,000
volts, which is kept constant throughout by the six-pulse PWM converter.

8.4.2  Two-Quadrant DC-to-DC Chopper

The superconducting coil is charged or discharged by adjusting the aver-
age (i.e., DC) voltage across the coil to be positive or negative values by
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Figure 8.7 Control of chopper duty cycle.

means of the DC-to-DC chopper duty cycle, D, controlled by a conventional
PI controller as shown in Figure 8.7 where DP indicates the real power
deviation of the induction generator. When the duty cycle is larger than
0.5 or less than 0.5, the coil is either charging or discharging, respectively.
When the unit is on standby, the coil current is kept constant, independent
of the storage level, by adjusting the chopper duty cycle to 50%, result-
ing in the net voltage across the superconducting winding to be zero. To
generate the gate signals for the IGBTs of the chopper, the PWM reference
signal is compared with the saw tooth carrier signal. The frequency of the
saw tooth carrier signal for the chopper is chosen as 100 Hz.

8.5 Static Synchronous Compensator
(STATCOM) Method

A static synchronous compensator (STATCOM) is a second-generation
flexible AC transmission system controller based on a self-commutating
solid-state voltage source inverter. It is a shunt-connected reactive com-
pensation equipment that is capable of generating or absorbing reactive
power whose output can be varied to maintain control of specific parame-
ters of the electric power system. As can be seen from Figure 8.5, excluding
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the DC-to-DC chopper and SMES coil the remaining components repre-
sent the basic two-level STATCOM, which is used in this book.

The STATCOM provides operating characteristics similar to a rotat-
ing synchronous compensator without the mechanical inertia; since the
STATCOM employs solid-state power switching devices, it provides rapid
controllability of the three phase voltages, both in magnitude and phase
angle. The STATCOM basically consists of a step-down transformer with a
leakage reactance, a three-phase GTO or IGBT voltage source inverter (VSI),
and a DC capacitor. The AC voltage difference across the leakage reactance
produces reactive power exchange between the STATCOM and the power
system, such that the AC voltage at the bus bar can be regulated to improve
the voltage profile of the power system, which is the primary duty of the
STATCOM. However, for instance, a secondary damping function can be
added into the STATCOM for enhancing power system oscillation stability.

The principle of STATCOM operation is as follows. The VSI generates
a controllable AC voltage source behind the leakage reactance. This volt-
age is compared with the AC bus voltage system; when the AC bus voltage
magnitude is above that of the VSI voltage magnitude, the AC system sees
the STATCOM as an inductance connected to its terminals. Otherwise, if
the VSI voltage magnitude is above that of the AC bus voltage magnitude,
the AC system sees the STATCOM as a capacitance connected to its termi-
nals. If the voltage magnitudes are equal, the reactive power exchange is
zero. If the STATCOM has a DC source or energy storage device on its DC
side, it can supply real power to the power system. This can be achieved
by adjusting the phase angle of the STATCOM terminals and the phase
angle of the AC power system. When the phase angle of the AC power sys-
tem leads the VSI phase angle, the STATCOM absorbs real power from the
AC system; if the phase angle of the AC power system lags the VSI phase
angle, the STATCOM supplies real power to AC system.

Typical applications of STATCOM are effective voltage regulation and
control, reduction of temporary overvoltages, improvement of steady-
state power transfer capacity, improvement of transient stability mar-
gin, damping of power system oscillations, damping of subsynchronous
power system oscillations, flicker control, power quality improvement,
and distribution system applications.

The VSC or VSl is the building block of a STATCOM and other flexible
AC transmission systems (FACTS) devices. A very simple inverter pro-
duces a square voltage waveform as it switches the direct voltage source
on and off. The basic objective of a VSI is to produce a sinusoidal AC volt-
age with minimal harmonic distortion from a DC voltage. Three basic
techniques are used for reducing harmonics in the converter output volt-
age: (1) harmonic neutralization using magnetic coupling (multipulse con-
verter configurations); (2) harmonic reduction using multilevel converter
configurations; and (3) the PWM.
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8.6  Braking Resistor Method

The BR concept aims to contribute directly to the balance of active power
during a fault. It can be done by dynamically inserting a resistor in the
generation circuit, increasing the voltage at the terminals of the generator,
and thereby mitigating the destabilizing depression of electrical torque and
power during the fault period. This book uses a series dynamic braking
resistor of 1.0 pu (43.56 ohm) value for wind generator stabilization. The loca-
tion of the BR in the power system model of Figure 8.1 is shown in Figure 8.8.

The BR would operate with its parallel switch closed under normal
conditions, bypassing the braking resistor. Voltage depression below
a selected set point would lead to near instantaneous tripping of the
switch. Current would then flow through the inserted resistor, dissipat-
ing power. The braking resistor would remain in the circuit as long as
the terminal voltage of the wind generator is below a threshold value.
When the wind generator system becomes stable, the switch would close,
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Figure 8.10 SFCL model.

and the circuit would be restored to its normal state. Figure 8.9 shows
the control methodology of the braking resistor. According to the control
method, if AV (difference in voltage) is positive, then the bypass switch is
open; however, if AV is negative or zero, then the bypass switch is closed.
Thus, a closed-loop control of the braking resistor is realized. It is impor-
tant to note here that the bypass switch is based on the thyristor-con-
trolled technology.

8.7 Superconducting Fault Current
Limiter Method

A variety of SFCLs with various approaches to limiting current have been
developed and tested. The FCL conceived of in this book consists of a
detector, a controller, and a limiting resistance, all common hardware
found in an FCL of any type.

An SFCL is employed as a superconducting-to-normal (S5/N) trans-
forming device, which uses a shunt resistance as shown in Figure 8.10.
In the event of a fault, the superconductor undergoes a transition into its
normal state (i.e., quenching). Because the superconducting coil needs
a short time to recover normal operating condition after a quench, two
SFCL devices connected in parallel are employed. Thus, the SFCL shown
in Figure 8.1 actually consists of two SFCLs—namely, SFCL1 and SFCL2,
as shown in Figure 8.10. Following a fault at first SFCL1 works, and when
the circuit breaker is opened SW2 is closed just at the same time and hence
current flows in the superconducting coil of SFCL2. In this book, 0.5 pu
value of the limiting resistance is considered to obtain the best system
performance.

8.8 Stabilization Methods Compared

The previous discussion revealed five methods of stabilization for fixed-
speed wind generators that are recently being emphasized. However,
although the individual technologies are well documented, a comparative
study of these systems has not been reported so far. This book aims to fill
in the gap and provides a comprehensive analysis of these stabilization



222 Wind Energy Systems: Solutions for Power Quality and Stabilization

methods for fixed-speed wind generator systems. The analysis is per-
formed in terms of transient stability enhancement, controller complexity,
and cost.

8.8.1 Performance Analysis

Effectiveness of each stabilization method is demonstrated through simu-
lations performed using the electromagnetic transients program (EMTP)
[37]. Simulations are carried out considering two cases: (1) a balanced
(three-phase-to-ground, 3LG) fault occurs at point F1 near the synchro-
nous generator at line 2 as shown in the system model of Figure 8.1; and (2)
unsuccessful reclosure of circuit breakers occurs due to a permanent fault
at point F1 near the synchronous generator at line 2. The time step and
simulation time have been chosen as 50.0 psec and 10.0 sec, respectively.

To clearly understand the effect of the stabilization methods, several
performance indices, namely, vlt (pu.sec), spd (pu.sec), pow (pu.sec), and ang
(deg.sec), as shown in Equations (8.2), (8.3), (8.4), and (8.5), respectively, are
considered.

vlt(pu.sec)=fT ‘ V‘dt 8.2
0
T
spd(pu.sec)=f ‘ (Dr‘dt (8.3)
0
T
pow(pu.sec)=f ‘ P‘dt (8.4)
0
an(s_;f(deg.sec)=fT ‘ 5‘dt (8.5)
0

In Equations (8.2) to (8.5), AV, Aw,, AP, and Ad denote the terminal volt-
age deviation of the wind generator, the speed deviation of the wind gen-
erator, the real power deviation of the wind generator, and the load angle
deviation of the synchronous generator, respectively, and T is the simula-
tion time of 10.0 sec. The lower the values of the indices, the better the
system’s performance.

In this case, it is considered that the fault occurs at 0.1 sec, circuit
breakers on the faulted lines are opened at 0.2 sec, and circuit breakers are
closed again at 1.0 sec. It is assumed that the circuit breaker clears the line
when the current through it crosses the zero level. Although actually the
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Table 8.2 Values of Indices for Stabilization Methods
during Successful Reclosing

Values of Indices

Index Pitch BR STATCOM SMES  SFCL Without
Parameters Method Method  Method Method Method Controller
vt (pu.sec) 1.73 0.32 0.26 0.22 0.35 4.46
spd (pu.sec) 0.48 0.02 0.02 0.02 0.06 7.81
pow (pu.sec)  2.86 0.10 0.18 0.16 0.31 4.63
ang (deg.sec) 75.04 56.45 48.54 46.00 42.12 103.05

wind speed is randomly varying, during the short time span of the analy-
sis of the transient stability the variation of wind speed can be considered
negligible, and it is therefore assumed in this chapter that the wind speed
is constant at 11.8 m/s.

Table 8.2 shows the values of the performance indices when the circuit
breakers are successfully reclosed. It is seen that all methods are effective
in transient stability enhancement; however, from the viewpoint of the
index pow (pu.sec) the BR is the best, whereas with respect to the index spd
(pu.sec) the BR, STATCOM, and SMES exhibit the same or better perfor-
mance than the SFCL. From the perspective of vt (pu.sec) the performance
of the SMES is the best and the STATCOM is better than the BR and the
SFCL. From the perspective of ang (deg.sec) the performance of the SFCL
is the best, the SMES is better than the STATCOM and the BR, and the
STATCOM is better than the BR. The pitch method exhibits the worst per-
formance with respect to all indices.

Figure 8.11 shows the responses of the IG terminal voltage. It is seen
that the IG terminal voltage returns back to its steady-state value due to
the use of any of the devices of the SMES, STATCOM, BR, SFCL, and pitch
controller. Figure 8.12 shows the responses of the IG rotor speed. It is seen
that because of the use of any of the devices of the SMES, STATCOM,
BR, SFCL, and pitch controller, IG becomes stable. Figure 8.13 shows the
responses of the IG real power. In this case it is seeln that any of the
devices of the SMES, STATCOM, BR, SFCL, and pitch controller can main-
tain the IG real power at the rated level. Figure 8.14 shows the responses
of the SG load angle. It is clearly seen that the synchronous generator is
transiently stable when any of the devices of the SMES, STATCOM, BR,
SFCL, and pitch controller is used. This fact also indicates that the SMES,
STATCOM, BR, SFCL, and pitch controller can make the entire power sys-
tem stable when circuit breakers are successfully reclosed.

However, although SMES, STATCOM, BR, SFCL, and pitch controller
can each make the wind generator stable, it is evident from the simulation
results that the performance of the SMES is the best. The SFCL, STATCOM,
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and BR provide almost the same performance. The response of the pitch
controller is much slower than that of the SMES, STATCOM, SFCL, and BR.

During the simulation, it is considered that the reclosing of circuit
breakers is unsuccessful due to a permanent fault. Therefore, the circuit
breakers are reopened 0.1 sec after they are reclosed. The values of the
performance indices are shown in Table 8.3. From the indices it is seen that
the SMES, STATCOM, and BR can stabilize both the wind generator and
synchronous generator. In other words, these three methods can stabilize
the overall system well. The pitch method can stabilize the wind genera-
tor but not the synchronous generator as evident from the index ang (deg.
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10

sec); that is, the pitch method cannot stabilize the overall system in case
of unsuccessful reclosing of circuit breakers. Also, from the perspective
of the index ang (deg.sec) the performance of the SMES is the best, whereas
from the viewpoints of vlt (pu.sec) and pow (pu.sec) the performance of the
BR is the best and the SMES is better than STATCOM. From the view-
point of spd (pu.sec) the performance of the SMES, STATCOM, and BR is
the same. Again, with respect to all indices, the performance of the pitch
method is worse than that of the SMES, STATCOM, and BR. It is seen that
the SFCL cannot stabilize the system in case of unsuccessful reclosing.
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Table 8.3 Values of Indices for Stabilization Methods
during Unsuccessful Reclosing

Values of Indices

Index Pitch BR STATCOM SMES SFCL Without
Parameters Method Method Method Method Method Controller
vlt (pu.sec) 3.09 0.41 0.55 051  Unstable 5.22
spd (pu.sec) 0.67 0.04 0.04 0.04  Unstable 8.04
pow (pu.sec) 2.61 0.20 0.28 0.23  Unstable 4.70

ang (deg.sec) 24045.36 164.05 134.11 115.80  Unstable 28779.39

1 STATCOM
Pitch method
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Without controller
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Figure 8.15 Responses of IG terminal voltage.

The responses of the IG terminal voltage, IG rotor speed, and IG
real power are shown in Figures 8.15, 8.16, and 8.17, respectively. Since
the SFCL cannot stabilize the system in case of unsuccessful reclosing,
its responses are not shown in Figures 8.15, 8.16, and 8.17. It is evident
that any of the devices of the SMES, STATCOM, BR, and pitch controller
can stabilize the wind generator system in case of unsuccessful reclosing
of circuit breakers. However, the performance of the SMES is the best,
whereas the pitch controller exhibits the worst performance. Also, the
response of the pitch controller is much slower than that of the SMES,
STATCOM, and BR. The performance of the STATCOM and BR is almost
the same. Figure 8.18 shows the responses of the SG load angle. It is seen
that the pitch controller cannot stabilize the synchronous generator, but
the SMES, STATCOM, and BR can make the synchronous generator tran-
siently stable. In other words, the pitch method cannot stabilize the over-
all system, whereas the other three methods can make the entire power
system stable.
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8.8.2  Control Structure Analysis

From the viewpoint of the controller structure, the SMES is the most
complex one as it has two control aspects—namely, the VSC control and
the DC-to-DC chopper control—whereas the BR has the simplest control
structure. Among STATCOM, SFCL, and pitch controller, the STATCOM
has more complex structure.

8.8.3 Cost Analysis

Although the actual costs of the SMES, SFCL, STATCOM, BR, and pitch
control systems are not known, it may be conjectured that the total instal-
lation and maintenance cost of the SMES is the highest, because the major
components of the SMES system are a transformer, a voltage source con-
verter using IGBT, a DC link capacitor, a DC-to-DC chopper using IGBT,
a large superconducting coil cooled by liquid helium, and a refrigerator
that maintains the temperature of the helium coolant. Thus, the number
of necessary components of the SMES system is bigger than that of any
of the devices of the STATCOM, SFCL, BR, and pitch control systems. On
the other hand, the pitch control system might have the lowest cost. The
STATCOM consists of a transformer, a voltage source converter using
IGBT, and a capacitor, whereas the BR consists of a linear resistor and a
thyristor switch. Therefore, between STATCOM and BR, the STATCOM
might be costlier. On the other hand, the major components of the SFCL
are superconductors, cryogenic systems, and high-voltage insulation
devices. So between STATCOM and SFCL, the SFCL might be costlier.

According to a recent report, the unit capital cost per KW of SMES
output power is 2,000 USD/kW. Also, the following cost equation can be
applied to the SMES made of solenoid type of magnets [41]:

Cost (M$) = 0.95 x [Energy (M])]*¢” (8.6)

The SFCL cryogenic system is the most expensive compared with
others and could require more costs according to the total volume and
length of superconductors. Thus, SFCL devices are too expensive for ini-
tial installation and maintenance during operation.

8.8.4 Owerall Comparison

Table 8.4 provides a summary of the comparative analyses, which could be
used for decision-making purposes. It can be stated that, although the pitch
control system is the cheapest solution, its response in transient stability
enhancement and power fluctuations minimization is slow. As a conse-
quence, the pitch control system cannot be considered as an effective solu-
tion. The braking resistor can be considered a very simple and cost-effective



Table 8.4 Overall Comparison of Stabilization Methods

Criteria

Pitch Control

Stabilization Methods

BR

STATCOM

SMES

SFCL

Ability to control
active and reactive
powers

Transient stability
enhancement
during successful
reclosing

Transient stability
enhancement
during
unsuccessful
reclosing

Minimization of
power and voltage
fluctuations

Controller
complexity

Manufacturing cost

Can control only active
power

Can stabilize the
overall system, but its
response is slower
compared to BR,
STATCOM, and SMES

Can stabilize the wind
generator but cannot
stabilize the
synchronous
generator, that is,
cannot stabilize the
overall system

Able to minimize only
power fluctuations

More complex than BR

Cheapest

Can consume
only active
power

Can stabilize the
overall system
and effective

Can stabilize the
overall system
and effective

Not able to
minimize power
and voltage
fluctuations

Simplest

Costlier than
pitch control

Can control
only reactive
power

Can stabilize
the overall
system and
effective

Can stabilize
the overall
system and
effective

Able to
minimize only
voltage
fluctuations

More complex
than pitch
system

Costlier than
BR

Can control both
active and
reactive powers

Can stabilize the
overall system
and the most
effective

Can stabilize the
overall system
and the most
effective

Able to minimize
both power and
voltage
fluctuations

Most complex

Most expensive

Can control only
active power

Can stabilize the
overall system and
effective

Cannot stabilize the
wind generator
system

Not able to
minimize power
and voltage
fluctuatios

More complex than
BR

Expensive
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solution from the viewpoints of the transient stability enhancement of
wind generator systems for both successfully and unsuccessfully reclos-
ing circuit breakers. From the perspective of transient stability enhance-
ment as well as voltage fluctuations minimization, STATCOM provides a
cost-effective solution. SFCL is a good solution to stabilize the system to
successfully reclose circuit breakers; however, it is costly. The SMES is the
most expensive device; however, from the viewpoints of transient stability
enhancement and minimization of both power and voltage fluctuations,
it is the most effective solution. It is worth noting that, due to its salient
properties such as very fast response, high efficiency, and capability of
control of real power and reactive power, the SMES system is gradually
gaining interest in the field of power systems. It is hoped that its poten-
tial advantages and environmental benefits will make SMES units a viable
alternative for energy storage and management devices in the future. And
although at present the cost of an SMES unit appears somewhat high, con-
tinued research and development are likely to bring the price down and
make the technology appear even more attractive [40].

It is important to note here that the main challenge to implement the
SMES and SFCL in a real system is their high cost. If the total implementa-
tion cost could be reduced, then both technologies could be made attrac-
tive. Thus, much more research is needed on how the total installation
and operation cost of the SMES and SFCL could be reduced. Here one
question might arise regarding why the costly SMES and SFCL devices
are considered for wind generator stabilization, whereas the less costly
methods like STATCOM, BR, and pitch control methods are available. The
STATCOM method can control only reactive powers, and the BR and pitch
control methods can control only active power. Thus none of these three
methods (STATCOM, BR, and pitch control) can control simultaneously
the real and reactive powers. The SMES has the ability to control both the
real and reactive powers simultaneously and quickly. Again, SFCL can
provide a very good solution to reduce the higher level of short-circuit
current during a fault, which is increased by the rapid development of the
WTGS. Therefore, in spite of their higher costs, the SMES and SFCL have
been considered for wind generator stabilization.

One point to note here is that in this book the controller parameters
have been determined by the trial-and-error approach, and the param-
eters are tuned very carefully so that the best system performance can be
obtained. Although the results corresponding to only the severest fault
case (3LG fault) are shown in this chapter, the designed parameters are
tested in case of other faults also, like double-line-to-ground (2LG) fault,
line-to-line (2LS) fault, and single-line-to-ground (1LG) fault in the sys-
tem, and it is found that the system performance is good and effective.
Thus, it can be emphasized that the designed controller parameters are
robust and stable.



Chapter 8:  Solutions for Transient Stability Issues 231

8.9  Chapter Summary

This chapter provides a thorough description on the methods of transient
stability enhancement of wind generator systems. A comparative analysis
of SMES, SFCL, STATCOM, braking resistor, and pitch control methods
on the basis of transient stability enhancement, controller complexity,
and manufacturing cost of fixed-speed wind energy systems is done. An
important feature of this chapter is that the transient stability analysis is
conducted considering unsuccessful reclosing of circuit breakers. It can
be concluded that:

1. The pitch control system is the cheapest solution for wind generator
stabilization in case of successful reclosing of circuit breakers and
power fluctuations minimization, but its response is slow. As a con-
sequence, the pitch control system cannot be considered as an effec-
tive stabilization means for wind generator systems.

2. The braking resistor method can be considered a very simple and
cost-effective solution from the viewpoints of the transient stability
enhancement of wind generation systems in both successfully and
unsuccessfully reclosing circuit breakers.

3. From the perspective of transient stability enhancement in both
successfully and unsuccessfully reclosing circuit breakers and volt-
age fluctuations minimization, STATCOM provides a cost-effective
solution.

4. SFCL is an effective solution for transient stability enhancement in
successfully reclosing circuit breakers, but it cannot stabilize the
system during unsuccessful reclosing. Also, SFCL might be a costly
device.

5. SMES is the most expensive device. However, from the viewpoints
of transient stability enhancement in both successfully and unsuc-
cessfully reclosing circuit breakers and minimizing both power and
voltage fluctuations, the SMES system is the most effective solution.

This chapter helps readers understand the relative effectiveness of
the stabilization methods and provides a guideline for selecting a suitable
technique for the stabilization of wind energy systems.
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chapter 9

Fault Ride-Through Capability
of Variable-Speed Wind

Generator Systems

9.1 Introduction

Wind energy generation has been noted as the most rapidly growing
renewable energy technology. The increasing penetration level of wind
energy can have a significant impact on the grid, especially under abnor-
mal grid voltage conditions. Thus, wind farms can no longer be considered
as a simple energy source. Nowadays, they should provide an operational
ability similar to that of conventional power plants. A demanding require-
ment for wind farms is the fault ride-through (FRT) capability. According
to this demand, the wind turbine (WT) is required to survive during grid
faults. The ability of a wind turbine to survive for a short duration of
voltage dip without tripping is often referred to as the low-voltage ride-
through (LVRT) capability of a turbine. An LVRT requirement for wind
turbine systems is shown in Figure 9.1. On the other hand, power fluctua-
tion from a turbine due to wind speed variations incurs a deviation of
the system frequency from the rated value. As a result, it is necessary to
mitigate this power fluctuation for high power quality. This chapter deals
with the fault ride-through capability and mitigation of power fluctua-
tions of variable-speed wind generator systems, especially for the dou-
bly fed induction generator (DFIG), wound field synchronous generator,
permanent magnet synchronous generator (PMSG), and synchronous
reluctance generator systems [1-38]. Although the simulation results are
not shown here, the technology and control algorithm of each of these
variable-speed wind generators is presented.

9.2 Doubly Fed Induction Generator Systems

This section describes the ability of doubly fed induction generators to pro-
vide voltage stability support in weak transmission networks. Specifically,
the response of wind turbines to voltage dips at the point of common cou-
pling and its effects on system stability are analyzed. A control strategy for
the operation of the grid and rotor side converters (RSCs) is developed to
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Figure 9.1 A grid code.

support the grid voltage by injecting reactive power during and after grid
fault events. The performance of the strategy is analyzed for different volt-
age dips at the point of common coupling of a wind farm and compared
with the case when the converters do not provide any voltage support [35].

DFIGs are the most common technology used in variable-speed wind
turbines, having 45% of the medium to large wind turbines installed in
Europe in 2005. In normal grid conditions, the use of power converters
enables DFIGs to operate at optimal rotor speed and to maximize power
generation by controlling the active and reactive power injected into the
grid. When the voltage dips close to the wind farm, high currents will pass
through the stator winding and will also flow through the rotor winding
due to the magnetic coupling between stator and rotor. Such high currents
could damage the converters; therefore, a protection system is required.
The protection of the converter is usually achieved by short circuiting the
generator rotor through a crowbar and thus blocking the rotor side con-
verter. Once the rotor side converter is blocked, the DFIG operates like a
typical induction generator, and therefore the control of active and reac-
tive power through the rotor is inactive.

The aim of this section is to provide insight and understanding about
the effective FRT capability of DFIGs in weak transmission networks
and their effects on system stability. A control strategy allowing the grid
and rotor side converters to support the grid voltage by injecting reactive
power during and after grid faults is developed.

Figure 9.2 shows the arrangement of a DFIG. This concept uses a
wound rotor induction generator whose stator windings are directly con-
nected to the grid and whose rotor winding is connected to the network
via a back-to-back insulated gate bipolar transistor (IGBT)-based con-
verter. The rotor side converter regulates the active and reactive power
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Grid

Figure 9.2 Doubly fed induction generator.

injected by the DFIG, and the grid side converter (GSC) controls the volt-
age at the direct current (DC) link.

The overall structure of the wind turbine model comprises the aerody-
namic model, mechanical model, and the electrical model for the generator.
The well-known actuator disk concept is taken into account by the aerody-
namic model under the assumption of constant wind velocity. The drive
train is approximated by a two-mass model considering one large mass
representing the turbine rotor inertia and one small mass representing
the generator rotor. The two masses are connected by a flexible low-speed
shaft characterized by stiffness and damping. As usual in fundamental
frequency simulations, the generator is represented by a third-order model
whose equations are simplified by neglecting the stator transients.

A pitch angle control is also implemented to limit the generator speed
during grid disturbances and in normal operation under high wind
speeds. Finally, a protection system is included to block the rotor side con-
verter when its safe operation is threatened. The protection system moni-
tors the voltage at the point of common coupling (PCC), the magnitude
of the rotor current, and the generator rotor speed. When at least one of
these variables exceeds the range of its maximum and minimum values,
the protection system blocks the rotor side converter by short circuiting
the generator rotor through a crowbar.

9.2.1 Rotor Side Converter

The RSC controls independently the active and reactive power injected by the
DFIG into the grid in a stator flux dqg-reference frame. Figure 9.3 shows the
control scheme of the RSC. The g-axis current component is used to control
the active power using a maximum power tracking (MPT) strategy to calcu-
late the active power reference. The reference value for the active power is
compared with its actual value, and the error is sent to a proportional-integral
(PI) controller that generates the reference value for the g-axis current. This
signal is compared with its actual value, and the error is passed through a sec-
ond PI controller determining the reference voltage for the g-axis component.

The d-axis is used to control the reactive power exchanged with the
grid, which in normal operation is set to zero to operate with unity power
factor. In case of disturbance, if the induced current in the rotor circuit



238 Wind Energy Systems: Solutions for Power Quality and Stabilization

PI
ug*
PI
u \ bypass Protection
PWM
system
RSC

Figure 9.3 Control diagram of the rotor side converter.

is not high enough to trigger the overcurrent protection the RSC is set to
inject reactive power into the grid to support the voltage restoration. In
such cases, the actual voltage at the PCC is compared withits reference
value, and the error is passed through a PI controller to generate the refer-
ence signal for the reactive power of the DFIG. Similar to the control strat-
egy of the g-component, the error between the reactive power reference
and its actual value is passed through a PI controller to determine the ref-
erence value for the d-axis current. This signal is compared with the d-axis
current value, and the error is sent to a third PI controller that determines
the reference voltage for the d-axis component. Finally, the dg-reference
voltages are passed through the pulse width modulation (PWM) module,
and the modulation indices for the control of the RSC are determined.

9.2.2 Grid Side Converter

The objective of the GSC is to maintain the voltage at the DC link between
both power converters. In normal operation, the RSC already controls the
unity power factor operation, and therefore the reference value for the
exchanged reactive power between the GSC and the grid is set to zero. In
case of disturbance, the GSC is set to inject reactive power into the grid
whether the RSC is blocked or is kept in operation. Figure 9.4 shows the
control diagram of the GSC.

As for the RSC, the control of the GSC is performed using the dg-refer-
ence frame, but instead of rotating with the stator flux the axis rotates with
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Figure 9.4 Control diagram of the grid side converter.

the grid voltage. The actual voltage at the DC link is compared with its ref-
erence value, and the error between both signals is passed through a PI con-
troller that determines the reference signal for the d-axis current. This latter
signal is subtracted from its current value, and the error is sent to another
PI controller to obtain the reference voltage for the d-axis component.

As for the g-axis current, its reference value depends on whether the
system operates in normal operation or during disturbance. In normal
operation, the GSC is assumed reactive neutral by setting the reference
value of the g-axis current to zero. In case of disturbance, the actual AC
side voltage of the GSC is compared with its reference value, and the error
is passed through a PI controller that generates the reference signal for the
g-axis current. This reference signal is compared with its current value,
and the error is sent to a second PI controller that establishes the refer-
ence voltage for the g-axis component. Finally, both reference voltages in
a dq-reference frame are sent to the PWM module, which generates the
modulation indices for the control of the GSC.

The injection of active and reactive power by the GSC is limited by its
nominal capacity represented by the following equation in per-unit base:

Lo = /(1) +(1)* <1 9.1)
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This work considers a strategy that prioritizes the injection of reactive
power (g-axis current). The d-axis current is calculated based on Equation
(9.1). During normal operation, the strategy does not present limitations
with the control of the DC link voltage since the g-axis current is set to
zero and therefore the converter capacity is used only to control the DC
link voltage.

9.3 Wound Field Synchronous Generator Systems

This section describes a variable-speed WT based on a multipole, wound
field synchronous generator. Due to the low generator speed, the rotor
shaft is coupled directly to the generator. The generator is connected to the
grid via an alternating current (AC)-to-DC-to-AC converter cascade and
a step-up transformer. The converter consists of an uncontrolled diode
rectifier, a DC-to-DC boost converter, and a PWM voltage source inverter
(VSI). The layout of the electrical part is depicted in Figure 9.5. Major con-
trol systems of the WT system are shown in Figure 9.6. They include the
turbine speed controller, the pitch controller, the generator excitation con-
troller, and the GSC controls. The generator terminal voltage is rectified
to feed the field winding. The excitation voltage is regulated via the Ef
controller in Figure 9.6, which has sufficient overexcitation capability [36].

The converter connected to the generator consists of a diode recti-
fier, a boost DC-to-DC converter, and a PWM VSI. The boost converter
comprises an inductor, an IGBT switch, a diode, and the output capacitor,
and its purpose is to control the rectifier output current and therefore the
generator current and torque. At the same time, it interfaces the rectified

Back-to-back
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Rectifier C inverter
. l l i —g)ﬁ "K} _||ﬁ
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G G v
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Figure 9.5 Electrical scheme of a variable speed wind turbine equipped with a
direct-drive synchronous generator.
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generator voltage, which varies with speed, to the constant voltage at the
input of the grid side inverter. The DC chopper is current controlled using
a simple hysteretic controller. The grid side inverter is a standard three-
phase two-level unit, consisting of six IGBTs and antiparallel diodes. It
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operates also in the current control mode, using hysteresis controllers.
The reference currents are derived from the desired active and reactive
power, the former of which is the output of the DC voltage regulator. The
width of the hysteresis band must not be too high to avoid having great
harmonic distortion of output currents or too low to avoid having high
switching frequencies.

9.3.1 Speed Controller

The goal of speed control is to maximize energy capture for wind speeds
below rated. The speed controller (Figure 9.6) regulates the speed of the
rotor by controlling the generator electrical power (and therefore torque)
according to the prespecified speed versus power control characteristic
discussed in the following. The error of the generator power, measured at
the DC side, determines the DC current set point via a PI controller. The
DC current is then regulated at the reference value by the hysteresis con-
troller of the boost converter. The parameters of the PI controller (K and
T) are chosen to achieve a fast and well-damped response of the generator
power. Low-pass filters are used for measuring both the rotor speed and
DC power to cut out high-frequency variations.

The speed control strategy is based on the measurement of the rotor
speed and the subsequent determination of the desired generator power
(or torque). This is a simple control method, which is not based on mea-
surement of the wind speed by anemometer. Its dynamic performance is
satisfactory, reducing fluctuations of the input mechanical torque via the
rotor inertia. Better smoothing of the electromagnetic torque and output
power is achieved using a low-pass filter for the measured rotor speed,
as shown in Figure 9.6. The value of the time constant, T, depends on WT
parameters and also on the turbulence and average wind speed. Here, a
value equal to 1 sec has been found to provide good damping with suf-
ficient control accuracy.

Below rated wind speed, the optimal rotor speed of the turbine is
given by

}\‘ *
0= ©2)

The optimal mechanical power for each specific wind speed is then
calculated from Equation (2.5) for C, = C, ., = 0.44 and shown in Figure 9.7
as a function of the corresponding optimal rotor speed. The range of rotor
speed variation is approximately 13—43 rpm. The diagram in Figure 9.7
constitutes the control characteristic implemented in the speed controller.
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Figure 9.7 Speed control characteristic.

Power losses in the drive train, generator, and rectifier have been taken
into account in this characteristic. The cut-in wind speed is considered
equal to 4 m/s.

9.3.2  Pitch Controller

While speed control is effective below the rated wind speed to achieve
maximum energy capture, at higher winds the goal of the WT control
system is to maintain rated output power without rotor overspeed. This is
achieved by the pitch controller, which is active only at high wind speeds.
Then the generator power is regulated at its rated value to avoid over-
loading the generator and converters, whereas the blade pitch angle is
increased to reduce C, and the resulting mechanical torque. The objective
is to prevent the rotor speed from increasing beyond its maximum value.
For operation below rated wind speed, the pitch angle is approximately
zero for maximum aerodynamic efficiency.

In Figure 9.6, a simple implementation of the pitch controller is shown
as implemented in this work. When the rotor speed is lower than its
maximum value (corresponding to the rated power on the control char-
acteristic of Figure 9.7), the control switch is at position B, forcing a zero
error (M., — Wmax = 0) and hence zero pitch angle output. Otherwise, the
positive error drives the pitch mechanism to higher angles. A rate lim-
iter, set at 5 deg/s, appears on the diagram. The first-order lag represents
the time delay to the pitch mechanism. Finally, a proportional control-
ler is employed since small overspeeds can be allowed and because the
system is never actually in steady-state and hence the advantage of zero
steady-state error of an integral controller is not applicable. The value of
the gain G has been selected via repeated simulations for good dynamic
performance.
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9.3.3  Excitation Controller

The objective of this controller is to regulate the voltage imposed to the
excitation (field) winding of the generator. Higher excitation voltages
increase the maximum torque capability of the generator but result also in
increased iron losses. Hence, for operation at low wind speeds, and there-
fore at low rotor speeds, the field voltage may be decreased since the gen-
erator torque requirements are reduced. At high winds, on the other hand,
high excitations are needed for the generator to develop its full torque.

The maximum torque of a nonsalient pole generator, when its termi-
nal voltage is not externally imposed, is related to its internal electromag-
netic field (EMF) E;:

3.Ef* 2.T, max-X4-0,,

2.X,;.0, & = 63

‘Temax =
’ 3

For a specific rotor speed m,, and corresponding torque (based on the
speed control characteristic) the minimum required E; is found. A secu-
rity factor, here equal to 15%, is then applied to account for inaccuracies of
Equation (9.3) and dynamic considerations. From the minimum internal
EMF value, the corresponding field winding voltage, V,, is then found,
taking into account that their p.u. values are related by E; = v,0,,(p.u). The
field voltage control characteristic obtained is shown in Figure 9.8.

9.3.4 Grid Side Inverter Controller

The objective of this controller is to regulate the output power of the
WT when it is connected to the grid. It includes an inner current con-
trol loop based on the hysteresis controller that regulates the output
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Figure 9.8 Speed versus field voltage control characteristic.
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currents to their reference values, determined by the power control sec-
tion, via static manipulations. The measured three-phase voltages at the
output of the WT are transformed to the synchronous reference frame
(rotating at the grid frequency). The reference output currents are then
transformed in phase coordinates and used as inputs to the hysteresis
current controllers. The active power set point P* is determined by the
output of the DC voltage controller, implemented via a PI regulator,
which accepts as input the error between the measured and the refer-
ence DC voltage.

9.4 Permanent Magnet Synchronous
Generator Systems

With numerous advantages, PMSG systems represent an important trend
in development of wind power applications. Extracting maximum power
from wind and feeding the grid with high-quality electricity are two main
objectives for wind energy conversion systems (WECSs). To realize these
objectives, the AC-to-DC-to-AC converter is one of the best topologies for
WECSs. Figure 9.9 shows a conventional configuration of an AC-to-DC-
to-AC topology for a PMSG. This configuration includes a diode rectifier,
a boost DC-to-DC converter, and a three-phase inverter. In this topol-
ogy, the boost converter is controlled for maximum power point tracking
(MPPT), and the inverter is controlled to deliver high-quality power to the
grid [37].

Variable-speed wind turbines using a PMSG equipped with full-scale
back-to-back converters are very promising and suitable for application
in large wind farms. Due to their full-scale power converter, they can
deliver a larger amount of reactive power to the grid than a DFIG wind
turbine under abnormal grid conditions. To achieve LVRT capability for
wind turbine systems, a braking chopper method was reported, which
is a relatively cheap solution with a simple control. However, it is hard to

Rectifier ~ DC Boost V-Source
Chopper Inverter

I

Figure 9.9 Conventional PMSG-based WECS with DC boost chopper.
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smooth the fluctuated power from the turbine, and the generated power is
dissipated in the braking resistor.

On the other hand, other methods using an energy storage system have
been reported in the literature, but these methods are not suitable for LVRT
since the energy and power capacity of the energy storage system (ESS)
should be high enough to absorb the full differential power between the
generator and the grid during the voltage sag. However, it can be applied
to smooth power fluctuations. A study using an ESS for both LVRT and
power smoothening has been reported, but the control algorithm for the
ESS was not shown in detail and the power rating of the ESS was too high.

To reduce the minimum energy and power capacity of an ESS so that
it can absorb the full differential power under grid voltage dips, the gener-
ator speed can be increased to store the kinetic energy in the system iner-
tia. During this operation, the turbine output power extracted from the
wind is not maximal since the generator speed is not the optimal value
for the MPPT. In this chapter, a ride-through technique for PMSG wind
turbine systems using an ESS is discussed. By storing the more inertial
energy in the rotational body of the system by increasing the generator
speed, the energy capacity of the ESS required can be reduced. In addi-
tion, an ESS integrated into PMSG wind turbine systems can also be used
to improve the generator output power within the capacity of the ESS by
charging or discharging the fluctuated component of the power under
wind speed variations. The design procedure of the ESS is described in
detail. The ESS consists of a DC-to-DC buck-boost converter and an elec-
tric double-layer capacitor (EDLC), which is connected at the DC link of
the back-to-back converters as shown in Figure 9.10. A control strategy for
the ESS composed of power and current controllers is suggested, resulting
in an improvement in the overall performance for both ride-through and
power smoothing.

gen

Figure 9.10 PMSG wind turbine system with ESS.
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9.4.1 Control of Back-to-Back Converters

A line side converter (LSC) has a conventional cascaded control structure
composed of an inner current control loop and an outer DC link voltage con-
trol. For vector control of a PMSG, a cascaded control scheme composed of
an inner current control loop and an outer speed control loop is employed.
To obtain maximum torque at a minimum current, the d-axis reference
current component is set to zero and then the g-axis current is proportional
to the active power, which is determined by the speed controller.

The control block diagram of a PMSG wind turbine is shown in
Figure 9.11. The MPPT method is applied for turbine power control, which
gives the speed reference of the PMSG under normal grid conditions. At
a grid voltage sag, however, the MPPT control stops to reduce the turbine
power extracted from wind. During this operation, the speed reference of
the system is set higher than in the case of presag, which means that some
portion of the turbine power can be stored in the system inertia.

The dynamic equations of the two-mass model of a PMSG wind tur-
bine system without a gearbox, shown in Figure 9.12, are expressed as

. d

L-To=ji ) 94)
Cdw

Tk - Tg = ]ng (95)

| e 1
—I I v Normal : _P>
de condition :

Ibr . ImTmTTTTm T
ﬁ? Grtdfa{,tlt : o + Ak
9 abc condition |
T : | e
- dqe
> L 1 A
3 vy svewm | C7stae T Lge
g‘ Iqe Ide {} N -
+
O Of
% abg Imqe
e Or s
_(“)leqe Ide

Figure 9.11 Control block diagram of PMSG.
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Figure 9.12 Two-mass model for drive train of wind turbine.

where T, is the turbine torque, J, is the inertia of the turbine, T and T, are
the torques in the flexible coupling and the generator, respectively, w, and
w, are the mechanical speed of the turbine and the generator, respectively,
and J, is the inertia of the generator side.

Define the fault duration and the generator speed change as AT and
Ak(%), respectively. From (9.4), (9.5), and the inertia constant of the system,
the mechanical power, P, for speed variation is expressed as

Py =2Ps(Hy + HG)% ©.6)

where H,, and H. are the inertia constants of the wind turbine and the
generator, respectively, and P,,,,, is the rated system power.

9.4.2  Control of the ESS

Under voltage sags, the generator output power may exceed the maxi-
mum level at which the grid can absorb through the LSC due to decreases
in the grid voltage. Therefore, to keep the DC link voltage constant, the
ESS is activated to absorb the differential energy between the generator
and the grid, which is expressed as

Pdiff = Pgen_Pgrid (97)

where P is the differential power between the generator and the grid,
P,,, is the generator power, and P, is the grid power. During a voltage
sag, the LSC is operated at its rated current. As a result, the generator can
deliver as much power to the grid as is possible.

On the other hand, the ESS can improve the grid power quality by

charging or discharging the fluctuated power component due to wind
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Figure 9.13 (See color insert.) Control block diagram for ESS.

speed variations. It is known that the power fluctuations in a particular
frequency region (between 0.05 and 1 Hz) result in a system frequency
deviation. Therefore, to eliminate the power fluctuations, the ESS needs to
absorb or release the high-frequency component of the power P,,, which
is obtained by applying a second-order high-pass filter to the generator
power so that

SZ

Ppo=———>— P 9.8
g2 L2k S+ w2 ¢ 08

where x is the damping ratio, and w, is the cutoff frequency (w, = 2I1f). In
this chapter, the cutoff frequency is chosen to be 0.1 Hz.

The role of the ESS is to absorb the power from the PMSG or to release
it to the grid, as required. For this purpose, a power controller is used
in the main control loop with an inner current control loop as shown in
Figure 9.13. The power reference is given by (9.7) for ride-through and (9.8)
for power smoothing.

9.4.3 Rating of the ESS

To meet the requirements of the grid code, the ESS should have the capa-
bility to absorb the full differential energy between the generator and the
grid in a worst case scenario. By increasing the generator speed during a
voltage sag, the ESS can be made small in size since some turbine output
power is stored in the inertia of the system. The rated power for the LVRT,
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Piyrp is determined by considering the grid code shown in Figure 9.1. The
stored power in the system inertia during a voltage sag is expressed as

Brvrr = (0.9 = Viin )Pted — P] O<t=t

o 99)
_O9=Voir) Bty _yy 4 <pa,
tz—tl

The energy stored in the ESS is expressed as
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During the operation of the ESS, the voltage of the EDLC varies, so its
capacitance, C, can be determined from the following relationship as

2-ELVRT

C=_ ZCLVRT
rated
‘/cap -‘/cap

9.11)

where V" and AV,,, are the rated voltage and the voltage variation of
the EDLC, respectively.

It is noted that this scheme can improve the grid power fluctuations.
The main cause of power oscillations in wind turbines is the wind speed
variation, which is expressed as

V() =V, + E v, sin(of) ©.12)

where V,, is the mean wind speed, AV, is the harmonic amplitude, and
w; is angular frequency (f = 0.1 ~ 10 Hz). In practice, wind speed varia-
tions are randomly varied and depend on the regional environment. It is
assumed that the wind fluctuation is 30% of the mean value. Therefore,
the power capacity of the ESS in this case is suitable for short-term energy

storage as is shown clearly in the following design example.

9.4.4 Design Example for the ESS

The parameters of the ESS are designed for a 2 MW PMSG wind turbine
system, where the total inertia constant of the wind turbine and the gen-
erator is given as 6 sec. According to the grid code, for a AT = 300 ms in
the LVRT curve, the system rotational speed is controlled to within Ak =
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1.0% during this duration. Thus, the mechanical power stored in system
inertia is, by (9.6),

P - 2.2[MW].6.% - 0.8[MW]

Then, the rated power of the ESS is calculated from the grid code and the
P, previously given as

Pygr = (0.9-0).2[MW]-0.8 = 1.0[MW]

Then, the rated energy capacity of the EDLC is given by

0.3 1.5 18
E = 1.0dt 1.5-t)dt =1.38[ M
LVRT fo +fo_3 15_031° 7" [M]]

While the EDLC is charged or discharged, the voltage of the EDLC
will vary when the voltage variation is set to 20% of the rated value. In
this chapter, the rated voltage of the EDLC is set to 400 V. Therefore, the
capacitance of the EDLC is determined as

= 2LMIT_ g6 o5y
400.80
For power fluctuation at 0.3 p.u., with this EDLC capacity, the ESS can
operate during the period Ty, as

~ 1.38[MJ]

e = 0.y ~ 20

9.5 Switched Reluctance Generator System

This section discusses the switched reluctance machine (SRM) application
in the wind generator system. In the last decades the SRM has become an
important alternative in various applications within both the industrial
and domestic markets, namely, as a motor showing good mechanical reli-
ability, high torque-volume ratio and high efficiency, plus low cost.
Although SRMs are less evangelized as a generator, there have been
several studies regarding their application in the aeronautical industry
and in integrated applications in wind-based energy generators. Although
easy to build, the SRM in the past was a source of complaints concerning to
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its dynamic performance and the peculiar characteristics of its command
and control. At the time, these arguments were sufficiently convincing to
stop a sustained development and research of this kind of machine. The
development of power electronics, and especially the advancements in the
field of semiconductors, brought improvements in the command and con-
trol technology of this kind of machine, thus spearheading a diversified
application of SRMs.

The principles of operation of this machine are simple, well known,
and based on reluctance torque. The machine has a stator of wound-up
salient poles that after energizing synchronized with the position of the
rotor develops a torque that tends to align the poles in a way that dimin-
ishes the reluctance in the magnetic circuit. Currently the synchronous
and induction machines dominate the market of wind energy applica-
tions, although the SRM has been the subject of current investigation and
it shows to be a valid alternative for this field. Compared with the classical
solutions of machines integrated in wind applications, a switched reluc-
tance generator (SRG) shows a simplified construction associated with
the inexistence of permanent magnets or conductors in the rotor, which
results in lower manufacturing costs; in addition, both the machine and
the power converter are robust. The low inertia of the rotor allows the
machine to respond to rapid variations in the load. Associated with these
characteristics, these machines have a control system that allows rapid
changes in the control strategy such that the performance of the machine
is optimized.

The structure of the SRM is not as stiff as the synchronous machines,
and due to its flexible control system it is capable of absorbing transient
conditions, thus supplying more resilience to the mechanical system. The
machine has an inherent fault tolerance, especially when under an open-
coil fault (in the windings) and in the power converter (external faults).
Under normal operation, each phase of SRG is electrically and magneti-
cally independent from others. The SRM is generally felt to be louder than
conventional machines. However, an adequate mechanical design can do
a lot to improve these figures, and new control techniques—current con-
trol strategy with a torque reference—permit further improvements.

9.5.1 SRG Operation

In electrical drives with variable reluctance, as shown in Figure 9.14, the
torque is a function of the angular position of the rotor due to the double
salient poles. The operation of this machine as a generator is obtained
by energizing the windings of the stator when the salient poles of the
rotor are away from their aligned position due to the rotating motion of
the prime mover. A commercially available switched reluctance machine
used in this study was a 2,4 kW four-phase 8/6 machine [38].
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Figure 9.14 Switched reluctance generator in a wind turbine.
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Figure 9.15 Circuit diagram of the four-phase converter for SRG.

The SRM, although being simple from the construction point of view,
is characterized by a peculiar mode of controlling its phase currents. For
that matter a power electronic converter is used that functions in a way
that the phase currents of the machine are imposed for certain positions
of the rotor. This study used a standard topology of the converter usually
applied in SRM drives, given that it provides a greater flexibility regard-
ing its control and better fault tolerance. Another reason of its reliability
during fault conditions is the electrical independence among phases. The
control system of this converter must regulate the magnitude and even
the wave shapes of the phase currents to fulfill the requirements of torque
and output power available and to ensure safe operation of the generator.
This implies that the electronic switches associated with the controller are
fully controlled devices. These devices work to invert the voltage applied
to the phases in certain angular positions of the rotor and also assist in the
commutations of phases. The topology shown in Figure 9.15 uses power
transistors (IGBT or MOSFET) that work as electronic switches. The capac-
itor shown in the aforementioned topology prevents fluctuations in the
voltage Vs.
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The SRG is a valid alternative in wind energy applications. Therefore,
it is reasonable to foresee that in the medium power wind systems the
SRGs allow good performance in extracting the energy carried by the
wind. On the downside we can point out the fact that the SRG is noisier
than the other conventional systems. Nevertheless the current control
based on torque reference attenuates this problem, especially via a reduc-
tion of the torque ripple.

9.6  Chapter Summary

This chapter discusses the fault ride-through capability of DFIG, wound
field synchronous generator, permanent magnet synchronous generator,
and synchronous reluctance wind generator systems during grid fault
events. The bulk of attention is placed on the control strategies of grid
and rotor side converters to provide reactive power support in case of grid
disturbances. It is shown that each of the variable-speed generators is able
to ride through grid disturbances.
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Figure 2.3 Vertical axis wind turbine.

Figure 2.4 Horizontal axis wind turbine.



Figure 2.5 Onshore wind farm.

Figure 2.6 Offshore wind turbine.



Primary

s Secondary
winding winding
Np turns N turns
Primary
current

—_— r Secondary
\ + I current
T
+
Primary
voltage \
Vp Secondary
voltage
- Vs

|

Figure 3.11 An ideal transformer.

100
90
® ]
> 50
S ]
15 4
0 N . . .
0 150 625 1000 2000 3000
Time (ms)

Figure 6.1 Typical low-voltage ride-through requirement—United States.



=
o

Voltage (p.u.)
< o o
'S o )

o
NS}
J
1

f T T
0 150 1000 2000

Time (ms)

Figure 6.2 FRT requirements for wind turbines according to E.ON Netz.

Additional
reactive current
required Alp/Iy

-50 -10 /// 10 Voltage drop
) AU/

Ip: Reactive current
I);: Rated current
U, Rated voltage

—-100

Figure 6.3 FRT requirements for wind turbines according to E.ON Netz.



©)

Electrode —

Membrane

Electrode +

Flow reactor

Figure 7.5 Flow battery cell.

4.5[MVAJ/0.5[MVA]
3.3[kV]/6.6[kV]

0.6[MVA]/0.1[MVA]
6.6[kV]/3.3[kV]

DG A

4.5[MW1/0.5[MW]

1.53 +j0.790 [Q] i

<

1.5[MVA]
3.3[kV]/6.6[kV]

0.378 +j0.195 [Q]

g 6.0[MVA]/2.0[MVA]

° 0.23[kV]/6.6[kV]

1.5[MW]
Load 6[MW]/2[MW]
1.16 +j0.600 [Q] i
[MVA] e
0.6[MVA
OSIMWI o agiviieeliov] |, SMES
G — unit
PS’ QS

Figure 7.6 Power system model.

116+ 0599 [0 0'0 _@

0.6[MW]/0.1[MW]

0.1[MW]



2.5

z
E 2.0
§ 1.5 gy —————— - —— —
£ 10
v
& 05 — —
Q
< 00 '

0 10 20 30 40 50 60

Time [sec]
—— Wind generator —— Hydraulic generator 1&2
—— Diesel generator 1&2 Load
62
N
= 61 7N
PR A Ny 7T\ 7T~
5 / N7/ AN
e N/ \/
i \/
58 !
0 10 20 30 40 50 60
Time [sec]
| —— Without wind generator With wind generator

Figure 7.14 Responses of active power and system frequency without SMES

(Load 2 MW).

Active Power [MW]
< SR NS - NN

60.6 -

10

20 30
Time [sec]

40

50

—— Wind generator
—— Diesel generator 1&2

Load

—— Hydraulic generator 1&2

60

60.3

/ N
60.0 p D

Frequency [Hz]

59.7 \_/

59.4
0

10

20 30
Time [sec]

40

50

| —— Without wind generator ~—— With wind generator

60

Figure 7.15 Responses of active power and system frequency without SMES

(Load 6 MW).



E 25
= 2.0
-
g 1.5
S 05
% .
£ 00 —— ;
< 0 10 20 30 40 50 60
Time [sec]
—— Wind generator =~ —— Diesel generator 1&2
Transmission line —— Hydraulic generator 1&2
—— Load

':1?: 62
= 61 ~
2 60 - M Z AN L LN
s / AN
g XTI =
& 58 :

0 10 20 30 40 50 60

Time [sec]
—— Without SMES —— With SMES

Figure 7.16 Responses of active power and system frequency with 10 MJ SMES
(Load 2 MW).

Active Power [MW]
S~ N Wk Ul N

— 1
0 10 20 30 40 50 60
Time [sec]
—— Wind generator =~ —— Diesel generator 1&2
Transmission line Hydraulic generator 1&2
Load
61.0
N
60.5
E> o~
S 600 N ™, yd N PN
£ 007 7 = ~—~
=3
g 59.5 \/ N/
2%}
59.0 !
0 10 20 30 40 50 60
Time [sec]
| — Without SMES —— With SMES |

Figure 7.17 Responses of active power and system frequency with 10 MJ SMES
(Load 6 MW).



0.7

5 0.6
= Y P /] [/~ %‘ﬁé
b3} 0.4 LN /A v A‘v V\V
B e -
£ 03 N
5 02/
< o1
0.0 !
0 10 20 30 40 50 60
Time [sec]
—— Wind generator output
—— Transmission line power with SMES (1[M]])
Transmission line power with SMES (5[M]])
Transmission line power with SMES (10[M]])
62
N 61 N
T\ 4 P \N A~
& a— N
g o0 74 = N
pav \
2 59 I \\>'U
\/
]
58 0 10 20 30 40 50 60
Time [sec]

—— Wind generator output

—— System frequency with SMES (1[M]])
—— System frequency with SMES (5[M]])
—— System frequency with SMES (10[M]])

Figure 7.18 Responses of active power and system frequency with different
capacities of SMES (Load 2 MW).

_ 14

=

2 —

-8 10 A ",we'

2oy

.g 6

S 4

= 2

0 100 200 300 400 500 600
Time [sec]
~~~~~~~~~~~~~~ Wind-1 —— Wind-2 —— Wind-3

Figure 7.23 Wind speed.



0.25

0.20
= A
=
= 015
Q
[=]
g
2. 0.10
(9]
i
0.05
0.00 —4 A A A
0 50 100 150 200 250 300

LPF Time Constant [sec]

—4+— Wind-1 —=— Wind-2 —&— Wind-3 |

Figure 7.24 Maximum frequency fluctuation (WG capacity 10%).

o
n

N
NS

o
w

Frequency [Hz]
o
N
o=

o
=

o
=)

A A

o

50

100

150

200

LPF Time Constant [sec]

250 300

—4— Wind-1 —s— Wind-2 —A— Wind-3 |

Figure 7.25 Maximum frequency fluctuation (WG capacity 20%).

LPF Time Constant [sec]

Figure 7.26 Assumed SMES output standard deviation.

§ — : Y $
£<° P —A & £ oy
2%, WG 20[%] —=— Wind-1 ]|
EE A% —+—Wind-2 |
53 /{ ‘ 1 . Wind-3
TEH » —8 11— |
—%’ 7)) K A — I I 1
el %= WG 10[%] —8— Wind-1 |
n g 1 —A— Wind-2 |

2 ——Wind-3

< 0£ | | | |

0 50 100 150 200 250 300



B
= 10 ATIvisiww AN
~ 8 oy H AU RYAY AN N
o A AVAY] i i) 1y NEAS) H
2 6 [ WA i 1E] H R N i
) i i i A 1} H R = anr
oy — 1] [ I
9] it FILI I ALY 1
=) Y Anj N1 A MIAAW ¥}
5 ki i - v
< 0
0 100 200 300 400 500 600
Time [sec]
(a) Wind-1
~~~~~~~~~~~~~~ Wind generator output
Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])
= 12
8 10 P ~ A N
> LN ATV AN I
~ 3 : oy N 7
o I A [TV PO T A [
zZ 6 A Vil 1) 1 Y [N I
) i ALR S P B FOERY F A VR PP e o200 O
~ 4/\‘&» s T FRVACH N FERURIME H A
o .ss N Tin FR OISR TV Al i L/ A
= 2 LT A s 7 - s ) R ik i i LH A
5 A TN TS M AN Uy T T 7 kil
< 0 A v AN 1 Y
0 100 200 300 400 500 600
Time [sec]
(b) Wind-2
~~~~~~~~~~~~~~ Wind generator output
Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])
§ 12
= 10 ; N ™~ Y
- 8 VAN NI, \ A FY il il il
o) AN H AT Y AW FE , A HIRY TAN
ES . I A T N e e e [ VN i
<) A ] AR A 2] ViV S FARREW 7l [
A~ g b i Y ; ) B
o 1 H v i ATy AN
= 2 [y = F T
= ARV \
< 0 =
0 100 200 300 400 500 600
Time [sec]
(c) Wind-3

Wind generator output

Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])

Figure 7.29 Wind generator output and transmission line power (WG capacity 10%).



'§ 0.2
= i
P 0.1 i A i
2 0.0 el FARN A Y H ) . VNP A F AT A
g . . J\t! =k PR MM AV ‘-TV ki 7 T SR AT AT
g -0.1 Y
&
0.2
0 100 200 300 400 500 600
Time [sec]
(a) Wind-1
~~~~~~~~~~~~~~ Wind generator output
Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])
~ 02
T 01 . 7 . ' 5 I
= L 4 N A s R T T P i
2 00 in L T AR Y A A i ] lﬁgw Sl : AN
< . AL KGRV N T A TRy i SRR TN | 1 E MR YIRY AV BN I )
& -01 L 7 v Ty T
& 4 i l
~ —0.2
0 100 200 300 400 500 600
Time [sec]
(b) Wind-2
~~~~~~~~~~~~~~ Wind generator output
Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])
'§ 0.2
= 0.1 A N P A
2 0.0 e RN AN i a AN NPT
g A YA N AW A RV ) A AT A I AL VA S
=
g -0.1
&
o —0.2
0 100 200 300 400 500 600
Time [sec]
(c) Wind-3

~~~~~~~~~~~~~~ Wind generator output
Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])

Figure 7.30 Frequency fluctuation (WG capacity 10%).



S 1
2 20 A ‘\J"V s v \V“
5 16 iy, 1 RN iz A ;
£ 19 S i 54 — A )
2 i - L > 0 e 1
g 4 Ry rv\g} {I : \4\‘ /F\ RaY E‘r
b1 0 v Il
< 0 100 200 300 400 500 600
Time [sec]
(a) Wind-1

~~~~~~~~~~~~~~ Wind generator output
Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])

= 24
T

2 20 I v vt T
~ 16 . EATAMY AN i)
3] i i YR LHER I Y )
S 1 x 71 T (1 A R P wo vy e
2 1 1 1 ARV W | P e o0 VA0 I W
o~ 8/\‘3 i PR P AN A TR TR H T
> s PV V23 A VOU R 6 TS | SR X AR il 7 -
> 4 LA T T iA) Y i B i i
E=} AN TR AN EVANEI A LV M ki k]
S o AR A A VAN T IY
< 0 100 200 300 400 500 600

Time [sec]

(b) Wind-2

- Wind generator output
Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])

S 24
2 20 N v 7~ i
~ 16 AN L Y i A} 7
3] i [1VeY] TAN s ] DA FRY TAN
z 12 e N g s . g IRV, ]
o P T 1) i N S, FARCW A7 L
£ g v 7 T -
> Y H Y Y NV
O - L LV i
- N 3 7 1
S 0 ~
< 0 100 200 300 400 500 600

Time [sec]

(c) Wind-3

~~~~~~~~~~~~~~ Wind generator output
Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])

Figure 7.31 Wind generator output and transmission line power (WG capacity 20%).



N .4
g 0 .
> 02 4 A It
2 0.0 hepitin AV H W Y FAY B FREINIFRSNN &Y il
5] . T I 1 V5 St R DM I XY v RYL VAT YA ;N ¥
=] bl 1Y)
& —0.2
Q)
& -04
0 100 200 300 400 500 600
Time [sec]
(a) Wind-1
~~~~~~~~~~~~~~ Wind generator output
Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])
N 04
T o - il - - - T
> el A N s |y Al s o[ ¢ 1% I 7
g 0.0 ) A AN RIS : AN AT - ala L
5] g ALY AT Ay REER YA I VARY] P WO FiMASERYIN F YY) i
2 02 i 7 U Ty i
g ! i :
L -0.4
0 100 200 300 400 500 600
Time [sec]
(b) Wind-2
~~~~~~~~~~~~~~ Wind generator output
Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])
E 0.4
> 0.2 A y A A Iy
g 0.0 - H s 2 kY A N W ANANA Y.V
o . AN VOV N o [V AT N T v Tyt NF Y RSN
3 ¥
& —0.2
Q)
& -04
0 100 200 300 400 500 600
Time [sec]
(c) Wind-3

Wind generator output

Transmission line power (SMES capacity 55[%])
Transmission line power (SMES capacity 50[%])

Figure 7.32 Frequency fluctuation (WG capacity 20%).

Line

EDLC

Figure 9.10 PMSG wind turbine system with ESS.



condition :

1
Grid fault
N
T 9 condition |
r -
—
@ dqe
3’: * ‘ oL I, + 0\
S
"§ [qe Ide
8
3
B
[

—oL,I L

siqe

Figure 9.11 Control block diagram of PMSG.

Ji

condition!

Grid fault |
condition |

Figure 9.13 Control block diagram for ESS.



Electrical Engineering

WIND
ENERGY
SYSTEMS

Solutions for Power Quality
and Stabilization

MOHD. HASAN ALI

Unlike conventional power plants, wind plants emit no air pollutants
or greenhouse gases—and wind energy is a free, renewable resource.
However, the induction machines commonly used as wind generators
have stability problems similar to the transient stability of synchronous
machines. To minimize power, frequency, and voltage fluctuations
caused by network faults or random wind speed variations, control
mechanisms are necessary. Wind Energy Systems: Solutions for
Power Quality and Stabilization clearly explains how to solve
stability and power quality issues of wind generator systems.

Covering fundamental concepts of wind energy conversion systems,
the book discusses several means (o enhance the transient stability
of wind generator systems. It also explains the methodologies for
minimizing fluctuations of power, frequency, and voltage,

TOPICS COVERED INCLUDE

= Anoverview of wind energy and wind energy conversion systems
» Fundamentals of electric machines and power electronics
= Types of wind generator systems

* Challenges in integrating wind power into electricity grids
* Solutions for power quality problems

s Methods for improving transient stability during network faults

» Methods for minimizing power fluctuations of variable-speed
wind generator systems

This accessible book helps researchers and engineers understand
the relative effectiveness of each methed and select a suitable tool
for wind generator stabilization. It also offers students an introduction
to wind energy conversion systems, providing insights into important
grid integration and stability issues.

-ﬁy\lqr&l:raacns‘gmup ran Th.r&manua Tk

: | 600D Broken Sound Pitksay. MU -
y @ CRC P TESS W su&omr? Blsgﬂmmﬂ 35487

a1 inlunuq.ﬂha : Rew farl, NYJEGT7L ¢ % ..“ -
= L 2 Park Squau Miltan Pai

W aunpdo'n Oxon oxuviau Lllc ‘('- )

978-1-4394-5L1Y4

9814397856147

www.crcpress.com



	Wind Energy Systems: Solutions for Power Quality and Stabilization
	Contents
	Preface
	Acknowledgments
	About the Author
	1
Overview
	1.1 Introduction
	1.2 Why Renewable Energy
	1.3 Wind Energy
	1.4 Advantages and Disadvantages
of Wind-Generated Electricity
	1.4.1 A Renewable Nonpolluting Resource
	1.4.2 Cost Issues
	1.4.3 Environmental Concerns
	1.4.4 Supply and Transport Issues

	1.5 Worldwide Status of Wind Energy
	1.5.1 Europe
	1.5.2 Germany
	1.5.3 Spain
	1.5.4 Italy
	1.5.5 France
	1.5.6 United Kingdom
	1.5.7 European Union
	1.5.8 North America
	1.5.9 Asia
	1.5.10 Pacific
	1.5.11 Latin America
	1.5.12 Africa and Middle East

	1.6 Aim and Scope of the Book
	References

	2
Wind Energy Conversion System
	2.1 Introduction
	2.2 Fundamental Concept
	2.3 Wind Energy Technology
	2.4 Basic Components of a Wind Turbine System
	2.5 Types of Wind Turbines
	2.5.1 Wind Turbines Based on Axes
	2.5.1.1 Vertical Axis Wind Turbines
	2.5.1.2 Horizontal Axis Wind Turbines

	2.5.2 Wind Turbine Power Scales
	2.5.3 Wind Turbine Installation Location

	2.6 Modeling of Wind Turbines
	2.6.1 Power Output from an Ideal Turbine
	2.6.2 Power Output from Practical Turbines
	2.6.2.1 Wind Turbine Design Speed
	2.6.2.3 Effect of Wind Shear and Tower Shadow
	2.6.2.4 Wind Shear
	2.6.2.5 Tower Shadow


	2.7 Chapter Summary
	References

	3
Electric Machines and
Power Systems
	3.2 DC Machines
	3.3 AC Machines
	3.3.1 Synchronous Machines
	3.3.1.1 Principle of Cylindrical-Rotor Synchronous Generators
	3.3.1.2 Automatic Voltage Regulator System
	3.3.1.3 Governor Control System
	3.3.1.4 Power System Stabilizer
	3.3.1.5 Operating Principle of Synchronous Motors
	3.3.1.6 Permanent Magnet Synchronous Generator
	3.3.1.7 Multimass Shaft System of Synchronous Generator

	3.3.2 Asynchronous Machines
	3.3.2.1 Synchronous Speed
	3.3.2.3 Induction Generator or Asynchronous Generator

	3.3.3 Synchronous Reluctance Machine
	3.3.4 Transformer
	3.3.4.1 Basic Principles
	3.3.4.2 Induction Law
	3.3.4.3 Ideal Power Equation
	3.3.4.4 Detailed Operation


	3.4 Electrical Power Systems
	3.4.1 Conventional Power Generation
	3.4.2 Electric Power Transmission
	3.4.2.1 Line Parameters for Overhead Transmission Line

	3.4.3 Electric Power Distribution
	3.4.4 Power System Analysis
	3.4.5 Power Flow Study
	3.4.6 Per-Unit System and Base Quantities
	3.4.6.1 Change of Bases
	3.4.6.2 Per-Unit and Percent Admittance

	3.4.7 Faults in Power Systems
	3.4.7.1 Transient Fault
	3.4.7.2 Persistent Fault
	3.4.7.3 Symmetrical Fault
	3.4.7.4 Asymmetrical Fault
	3.4.7.5 Analysis
	3.4.7.6 Detecting and Locating Faults

	3.4.8 Power System Stability
	3.4.8.1 Classification of Stability

	3.4.9 Circuit Breakers
	3.4.9.1 Operation
	3.4.9.2 Arc Interruption
	3.4.9.3 Short-Circuit Current
	3.4.9.4 Types of Circuit Breakers

	3.4.10 Power System Control
	3.4.10.1 Active Power-Frequency Control
	3.4.10.2 Reactive Power-Voltage Control
	3.4.10.3 Methods of Voltage Control
	3.4.10.4 Infinite Bus Concept


	3.5 Power Quality
	3.6 Chapter Summary
	References

	4
Power Electronics
	4.1 Introduction
	4.2 Power Devices
	4.3 Rectifier
	4.4 Inverter
	4.5 Chopper
	4.6 Cycloconverter
	4.7 Pulse Width Modulation Scheme
	4.8 PWM VSC
	4.9 Current Source Inverter
	4.10 Chapter Summary
	References

	5
Wind Generators
	5.1 Introduction
	5.2 Fixed-Speed Wind Energy
Conversion Systems
	5.3 Variable-Speed Wind Energy
Conversion Systems
	5.4 Wind Generators
	5.4.1 Synchronous Generators
	5.4.2 Induction Generators

	5.5 Wind Generator Characteristics
	5.6 Maximum Power Point Tracking System
	5.7 WG Total Efficiency Calculation
	5.7.1 Outline of the Calculation Method
	5.7.2 Equations for Analysis
	5.7.2.1 Wind Turbine Power
	5.7.2.2 Generator Input
	5.7.2.3 Copper Losses and Iron Loss
	5.7.2.4 Bearing Loss, Windage Loss, and Stray Load Loss
	5.7.2.5 Gearbox Loss

	5.7.3 Calculation Method
	5.7.4 Simulation Results
	5.7.5 Simulation Result with Transient Phenomenon Considered
	5.7.6 Efficiency Calculation Using a Probability Density Function

	5.8 Chapter Summary
	References

	6
Wind Generator Grid
Integration Issues
	6.1 Introduction
	6.2 Transient Stability and Power
Quality Problems
	6.3 Variability of Wind Power
	6.4 Power, Frequency, and Voltage Fluctuations
Due to Random Wind Speed Variation
	6.5 Grid Connection Requirements
	6.5.1 Islanding and Auto Reclosure
	6.5.2 Other Issues

	6.6 Design and Operation of Power Systems
	6.7 Storage Options
	6.8 Grid Infrastructure
	6.9 Wind Power’s Contribution
to System Adequacy
	6.10 Chapter Summary
	References

	7
Solutions for Power
Quality Issues of Wind
Generator Systems
	7.1 Introduction
	7.2 Various Energy Storage Systems
	7.2.1 Superconducting Magnetic Energy Storage
	7.2.2 Battery Energy Storage Systems
	7.2.3 Advanced Capacitors
	7.2.4 Flywheel Energy Storage (FES)
	7.2.5 Pumped Hydroelectric Energy Storage
	7.2.6 Flow Batteries
	7.2.7 Compressed Air Energy Storage
	7.2.8 Thermoelectric Energy Storage
	7.2.9 Hybrid Energy Storage Systems

	7.3 Energy Storage Systems Compared
	7.4 Using SMES to Minimize Fluctuations
in Power, Frequency, and Voltage
of Wind Generator Systems
	7.4.1 Method of Calculating Power System Frequency
	7.4.2 Simulation Results and Discussions
	7.4.2.1 Effectiveness of SMES Systems on Minimizing Wind
Generator Power, Frequency, and Voltage Fluctuations
	7.4.2.2 Comparison among Energy Capacities of SMES
Systems to Minimize Wind Generator Power,
Frequency, and Voltage Fluctuations

	7.4.3 SMES Power and Energy Ratings

	7.5 Power Quality Improvement Using a
Flywheel Energy Storage System
	7.5.1 DC Bus Microgrid System
	7.5.2 Volt/Hertz Control
	7.5.3 Microgrid System Operation
	7.5.4 Control of Flywheel Energy Storage System
	7.5.5 Stability Consideration

	7.6 Constant Power Control of DFIG Wind
Turbines with Supercapacitor Energy Storage
	7.6.1 Control of Individual DFIG Wind Turbines
	7.6.2 Control of the RSC
	7.6.3 Control of the GSC
	7.6.4 Configuration and Control of the ESS
	7.6.5 Wind Turbine Blade Pitch Control
	7.6.6 Wind Farm Supervisory Control

	7.7 Output Power Leveling of Wind Generator
Systems by Pitch Angle Control
	7.8 Chapter Summary
	References

	8
Solutions for Transient
Stability Issues of Fixed-Speed
Wind Generator Systems
	8.1 Introduction
	8.2 Model System
	8.3 Pitch Control Method
	8.4 Superconducting Magnetic
Energy Storage Method
	8.4.1 PWM Voltage Source Converter
	8.4.2 Two-Quadrant DC-to-DC Chopper

	8.5 Static Synchronous Compensator
(STATCOM) Method
	8.6 Braking Resistor Method
	8.7 Superconducting Fault Current
Limiter Method
	8.8 Stabilization Methods Compared
	8.8.1 Performance Analysis
	8.8.2 Control Structure Analysis
	8.8.3 Cost Analysis
	8.8.4 Overall Comparison

	8.9 Chapter Summary
	References

	9
Fault Ride-Through Capability
of Variable-Speed Wind
Generator Systems
	9.1 Introduction
	9.2 Doubly Fed Induction Generator Systems
	9.2.1 Rotor Side Converter
	9.2.2 Grid Side Converter

	9.3 Wound Field Synchronous Generator Systems
	9.3.1 Speed Controller
	9.3.2 Pitch Controller
	9.3.3 Excitation Controller
	9.3.4 Grid Side Inverter Controller

	9.4 Permanent Magnet Synchronous
Generator Systems
	9.4.1 Control of Back-to-Back Converters
	9.4.2 Control of the ESS
	9.4.3 Rating of the ESS
	9.4.4 Design Example for the ESS

	9.5 Switched Reluctance Generator System
	9.5.1 SRG Operation

	9.6 Chapter Summary
	References

	Color Plates



