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Mayagüez, Puerto Rico, 00681

1115

Chapter 38 Artificial Neural Network Applications in Power Electronics and Electrical Drives

B. Karanayil and M. F. Rahman
School of Electrical Engineering and Telecommunications
The University of New South Wales
Sydney, New South Wales 2052, Australia

1139

Chapter 39 DSP-based Control of Variable Speed Drives

Hamid A. Toliyat
Electrical and Computer Engineering Department
Texas A&M University, 3128 Tamus
216g Zachry Engineering Center
College Station, Texas, USA

Mehdi Abolhassani
Black & Decker (US) Inc.
701 E Joppa Rd., TW100
Towson, Maryland, USA

Peyman Niazi
Maxtor Co.
333 South St., Shrewsbury
Massachusetts, USA

Lei Hao
Wavecrest Laboratories
1613 Star Batt Drive
Rochester Hills, Michigan, USA

1155

Section VII: Power Quality and EMI Issues

Chapter 40 Power Quality

S. Mark Halpin and Angela Card
Department of Electrical and Computer Engineering
Auburn University
Alabama, USA

1179

IPR2024-00389 
Relink EX2009



Table of Contents xv

Chapter 41 Active Filters

Luis Morán
Electrical Engineering Dept.
Universidad de Concepción
Concepción, Chile

Juan Dixon
Electrical Engineering Dept.
Universidad Católica de Chile
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Preface for Third Edition

Introduction

The purpose of Power Electronics Handbook is to provide a
reference that is both concise and useful for engineering stu-
dents and practicing professionals. It is designed to cover a wide
range of topics that make up the field of power electronics in a
well-organized and highly informative manner. The Handbook
is a careful blend of both traditional topics and new advance-
ments. Special emphasis is placed on practical applications;
thus, this Handbook is not a theoretical one, but an enlighten-
ing presentation of the usefulness of the rapidly growing field
of power electronics. The presentation is tutorial in nature in
order to enhance the value of the book to the reader and foster
a clear understanding of the material.

The contributors to this Handbook span the globe, with
fifty-four authors from twelve different countries, some of
whom are the leading authorities in their areas of expertise. All
were chosen because of their intimate knowledge of their sub-
jects, and their contributions make this a comprehensive state-
of-the-art guide to the expanding field of power electronics and
its applications covering the following:

• the characteristics of modern power semiconductor
devices, which are used as switches to perform the power
conversions from ac-dc, dc-dc, dc-ac, and ac-ac;

• both the fundamental principles and in-depth study of
the operation, analysis, and design of various power
converters; and

• examples of recent applications of power electronics

Power Electronics Backgrounds

The first electronics revolution began in 1948 with the inven-
tion of the silicon transistor at Bell Telephone Laboratories
by Bardeen, Bratain, and Schockley. Most of today’s advanced
electronic technologies are traceable to that invention, and
modern microelectronics has evolved over the years from
these silicon semiconductors. The second electronics revolu-
tion began with the development of a commercial thyristor

by the General Electric Company in 1958. That was the
beginning of a new era of power electronics. Since then, many
different types of power semiconductor devices and conversion
techniques have been introduced.

The demand for energy, particularly in electrical forms, is
ever-increasing in order to improve the standard of living.
Power electronics helps with the efficient use of electricity,
thereby reducing power consumption. Semiconductor devices
are used as switches for power conversion or processing, as
are solid state electronics for efficient control of the amount
of power and energy flow. Higher efficiency and lower losses
are sought for devices used in a range of applications, from
microwave ovens to high-voltage dc transmission. New devices
and power electronic systems are now evolving for even more
effective control of power and energy.

Power electronics has already found an important place in
modern technology and has revolutionized control of power
and energy. As the voltage and current ratings and switching
characteristics of power semiconductor devices keep improv-
ing, the range of applications continue to expand in areas, such
as lamp controls, power supplies to motion control, factory
automation, transportation, energy storage, multimegawatt
industrial drives, and electric power transmission and dis-
tribution. The greater efficiency and tighter control features
of power electronics are becoming attractive for applications
in motion control by replacing the earlier electromechanical
and electronic systems. Applications in power transmission
and renewable energy include high-voltage dc (VHDC) con-
verter stations, flexible ac transmission system (FACTS), static
var compensators, and energy storage. In power distribution,
these include dc-to-ac conversion, dynamic filters, frequency
conversion, and custom power system.

Almost all new electrical or electromechanical equipments,
from household air conditioners and computer power sup-
plies to industrial motor controls, contain power electronic
circuits and/or systems. In order to keep up, working engi-
neers involved in control and conversion of power and energy
into applications ranging from several hundred voltages at a
fraction of an ampere for display devices to about 10,000 V at
high-voltage dc transmission should have a working knowledge
of power electronics.

xvii
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xviii Preface for Third Edition

Organization

The Handbook starts with an introductory chapter and moves
on to cover topics on power semiconductor devices, power
converters, applications, and peripheral issues. The book is
organized into nine areas, the first of which includes chap-
ters on operation and characterizations of the following power
semiconductor devices: power diode, thyristor, gate turn-off
thyristor (GTO), power bipolar transistor (BJT), power MOS-
FET, insulated gate bipolar transistor, MOS-controlled thyris-
tor (MCT), and static induction devices. The next topic area
includes chapters covering various types of power converters,
the principles of operation, and the methods for the analysis
and design of power converters. This also includes gate drive
circuits and control methods for power converters. The next
two chapters cover applications in power supplies, electronic
ballasts, HVDC transmission, VAR compensation, pulse power,
and capacitor charging.

The following two chapters focus on the operation, theory,
and control methods of motor drives and automotive systems.
We then move on to two chapters on power quality issues and
active filters, and two chapters on computer simulation, pack-
aging and smart power systems. The final chapter is on energy
sources, storage, and transmission.

Changes in the Third Edition

The five new contributions are added in keeping with the new
development and applications.

• Solid State Pulsed Power Electronics
• Novel AI-Based Soft Computing Applications In Motor

Drives
• Energy Sources
• Energy Storage
• Electric Power Transmission

The following eleven chapters are revised, and the contribu-
tions are reorganized under nine chapters.

• Introduction to Power Electronics
• Static Induction Devices
• Multilevel Converters
• AC-AC Converters
• Power Electronics in Capacitor Charging Applications
• Solar Power Conversion
• Fuel-Cell Power Electronics for Distributed Generation
• Flexible AC Transmission
• Control Methods for Power Converters

• Fuzzy Logic in Electric Drives
• EMI Effects of Power Converters

Locating Your Topic

A table of contents is presented at the front of the book, and
each chapter begins with its own table of contents. The reader
should look over these tables of contents to become familiar
with the structure, organization, and content of the book.

Audience

The Handbook is designed to provide both students and prac-
ticing engineers with answers to questions involving the wide
spectrum of power electronics. The book can be used as a text-
book for graduate students in electrical or systems engineering,
or as a reference book for senior undergraduate students and
for engineers who are interested and involved in operation,
project management, design, and analysis of power electronic
equipment and motor drives.

Acknowledgments

This Handbook was made possible through the expertise and
dedication of outstanding authors from throughout the world.
I gratefully acknowledge the personnel at Elsevier Publishing
who produced the book, including Jill Leonard. In addition,
special thanks are due to Ken McCombs, the executive edi-
tor for this book. Finally, I express my deep appreciation to
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publication activities.
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1
Introduction

Philip T. Krein, Ph.D.
Department of Electrical and

Computer Engineering,
University of Illinois, Urbana,
Illinois, USA
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References ............................................................................................. 13

1.1 Power Electronics Defined1

It has been said that people do not use electricity, but rather
they use communication, light, mechanical work, entertain-
ment, and all the tangible benefits of energy and electronics.
In this sense, electrical engineering as a discipline is much
involved in energy conversion and information. In the general
world of electronics engineering, the circuits engineers design
and use are intended to convert information. This is true of
both analog and digital circuit design. In radio-frequency appl-
ications, energy and information are on more equal footing,
but the main function of any circuit is information transfer.

What about the conversion and control of electrical energy
itself? Energy is a critical need in every human endeavor.
The capabilities and flexibility of modern electronics must
be brought to bear to meet the challenges of reliable, effi-
cient energy. It is essential to consider how electronic cir-
cuits and systems can be applied to the challenges of energy
conversion and management. This is the framework of
power electronics, a discipline defined in terms of electrical

1Portions of this chapter are taken from P. T. Krein, Elements of Power
Electronics. New York: Oxford University Press, 1998. c© 1998, Oxford
University Press. Used by permission.

energy conversion, applications, and electronic devices. More
specifically,

DEFINITION Power electronics involves the study of
electronic circuits intended to control the flow of elec-
trical energy. These circuits handle power flow at levels
much higher than the individual device ratings.

Rectifiers are probably the most familiar examples of circuits
that meet this definition. Inverters (a general term for dc–ac
converters) and dc–dc converters for power supplies are also
common applications. As shown in Fig. 1.1, power electronics
represents a median point at which the topics of energy sys-
tems, electronics, and control converge and combine [1]. Any
useful circuit design for an energy application must address
issues of both devices and control, as well as of the energy
itself. Among the unique aspects of power electronics are its
emphasis on large semiconductor devices, the application of
magnetic devices for energy storage, special control methods
that must be applied to nonlinear systems, and its fundamen-
tal place as a central component of today’s energy systems and
alternative resources. In any study of electrical engineering,
power electronics must be placed on a level with digital, analog,
and radio-frequency electronics to reflect the distinctive design
methods and unique challenges.

Applications of power electronics are expanding exponen-
tially. It is not possible to build practical computers, cell

Copyright c© 2007, 2001, Elsevier Inc.

All rights reserved.

1
DOI: 10.1016/B978-0-12-382036-5.00001-X
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FIGURE 1.1 Control, energy, and power electronics are interrelated.

phones, personal data devices, cars, airplanes, industrial pro-
cesses, and a host of other everyday products without power
electronics. Alternative energy systems such as wind generators,
solar power, fuel cells, and others require power electronics
to function. Technology advances such as electric and hybrid
vehicles, laptop computers, microwave ovens, flat-panel dis-
plays, LED lighting, and hundreds of other innovations were
not possible until advances in power electronics enabled their
implementation. Although no one can predict the future, it is
certain that power electronics will be at the heart of fundamen-
tal energy innovations.

The history of power electronics [2–5] has been closely allied
with advances in electronic devices that provide the capabil-
ity to handle high power levels. Since about 1990, devices have
become so capable that a transition from a “device-driven” field
to an “applications-driven” field continues. This transition has
been based on two factors: (1) advanced semiconductors with
suitable power ratings exist for almost every application of wide
interest, and (2) the general push toward miniaturization is
bringing advanced power electronics into a growing variety
of products. Although the devices continue to improve, their
development now tends to follow innovative applications.

1.2 Key Characteristics

All power electronic circuits manage the flow of electrical
energy between an electrical source and a load. The parts
in a circuit must direct electrical flows, not impede them. A
general power conversion system is shown in Fig. 1.2. The func-
tion of the power converter in the middle is to control the
energy flow between a source and a load. For our purposes, the

Electrical
load

Power
converter

Electrical
energy
source

FIGURE 1.2 General system for electric power conversion. (From [2],
c© 1998, Oxford University Press, Inc.; used by permission.)

power converter will be implemented with a power electronic
circuit. Because a power converter appears between a source
and a load, any energy used within the converter is lost to
the overall system. A crucial point emerges: to build a power
converter, we should consider only lossless components. A
realistic converter design must approach 100% efficiency.

A power converter connected between a source and a load
also affects system reliability. If the energy source is perfectly
reliable (it is available all the time), then a failure in the con-
verter affects the user (the load) just as if the energy source
had failed. An unreliable power converter creates an unreli-
able system. To put this in perspective, consider that a typical
American household loses electric power only a few minutes
a year. Energy is available 99.999% of the time. A converter
must be better than this to prevent system degradation. An
ideal converter implementation will not suffer any failures over
its application lifetime. Extreme high reliability can be a more
difficult objective than high efficiency.

1.2.1 The Efficiency Objective – The Switch

A circuit element as simple as a light switch reminds us that
the extreme requirements in power electronics are not espe-
cially novel. Ideally, when a switch is on, it has zero voltage
drop and will carry any current imposed on it. When a switch
is off, it blocks the flow of current regardless of the voltage
across it. The device power, the product of the switch voltage
and current, is identically zero at all times. A switch therefore
controls energy flow with no loss. In addition, reliability is also
high. Household light switches perform over decades of use
and perhaps 100,000 operations. Unfortunately, a mechanical
light switch does not meet all practical needs. A switch in a
power supply may function 100,000 times each second. Even
the best mechanical switch will not last beyond a few million
cycles. Semiconductor switches (without this limitation) are
the devices of choice in power converters.

A circuit built from ideal switches will be lossless. As a
result, switches are the main components of power converters,
and many people equate power electronics with the study of
switching power converters. Magnetic transformers and loss-
less storage elements such as capacitors and inductors are also
valid components for use in power converters. The complete
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FIGURE 1.3 A basic power electronic system. (From [2], c© 1998,
Oxford University Press, Inc.; used by permission.)

concept, shown in Fig. 1.3, illustrates a power electronic sys-
tem. Such a system consists of an electrical energy source, an
electrical load, a power electronic circuit, and a control function.

The power electronic circuit contains switches, lossless
energy storage elements, and magnetic transformers. The con-
trols take information from the source, the load, and the
designer, and then determine how the switches operate to
achieve the desired conversion. The controls are built up with
low-power analog and digital electronics.

Switching devices are selected based on their power handl-
ing rating – the product of their voltage and current ratings –
rather than on power dissipation ratings. This is in contrast to
other applications of electronics, in which power dissipation
ratings dominate. For instance, a typical stereo receiver per-
forms a conversion from ac line input to audio output. Most
audio amplifiers do not use the techniques of power electron-
ics, and the semiconductor devices do not act as switches. A
commercial 100-W amplifier is usually designed with transis-
tors big enough to dissipate the full 100 W. The semiconductor
devices are used primarily to reconstruct the audio informa-
tion rather than to manipulate the energy flows. The sacrifice
in energy is large – a home theater amplifier often functions at
less than 10% energy efficiency. In contrast, emerging switching
amplifiers do use the techniques of power electronics. They pro-
vide dramatic efficiency improvements. A home theater system
implemented with switching amplifiers can exceed 90% energy
efficiency in a smaller, cooler package. The amplifiers can even
be packed inside the loudspeakers.

Switches can reach extreme power levels, far beyond what
might be expected for a given size. Consider the following
examples.

EXAMPLE 1.1 The NTP30N20 is a metal oxide semi-
conductor field effect transistor (MOSFET) with a drain
current rating of 30 A, a maximum drain source break-
down voltage of 200 V, and a rated power dissipation of
up to 200 W under ideal conditions. Without a heat sink,
however, the device can handle less than 2.5 W of dissipa-
tion. For power electronics purposes, the power handling
rating is 30 A × 200 V = 6 kW. Several manufacturers
have developed controllers for domestic refrigerators, air

conditioners, and high-end machine tools based on this
and similar devices. The second part of the definition of
power electronics in Section 1.1 points out that the cir-
cuits handle power at levels much higher than that of
the ratings of individual devices. Here a device is used
to handle 6000 W – compared with its individual rating
of no more than 200 W. The ratio 30:1 is high, but not
unusual in power electronics contexts. In contrast, the
same ratio in a conventional audio amplifier is close to
unity.

EXAMPLE 1.2 The IRGPS60B120KD is an insulated
gate bipolar transistor (IGBT) – a relative of the bipolar
transistor that has been developed specifically for power
electronics – rated for 1200 V and 120 A. Its power handl-
ing rating is 144 kW which is sufficient to control an
electric or hybrid car.

1.2.2 The Reliability Objective – Simplicity
and Integration

High-power applications lead to interesting issues. In an
inverter, the semiconductors often manipulate 30 times their
power dissipation capability or more, which implies that only
about 3% of the power being controlled is lost. A small design
error, unexpected thermal problem, or minor change in layout
could alter this somewhat. For instance, if the loss turns out
to be 4% rather than 3%, the device stresses are 33% higher,
and quick failure is likely to occur. The first issue for reliability
in power electronic circuits is that of managing device voltage,
current, and power dissipation levels to keep them well within
rating limits. This is challenging when power-handling levels
are high.

The second issue for reliability is simplicity. It is well estab-
lished in electronics design that the more parts there are in a
system, the more likely it is to fail. Power electronic circuits
tend to have few parts, especially in the main energy flow paths.
Necessary operations must be carried out through shrewd use
of these parts. Often, this means that sophisticated control
strategies are applied to seemingly simple conversion circuits.

The third issue for reliability is integration. One way to
avoid the reliability–complexity tradeoff is to integrate multi-
ple components and functions on a single substrate. A micro-
processor, for example, might contain millions of gates. All
interconnections and signals flow within a single chip, and
the reliability is near that of a single part. An import-
ant parallel trend in power electronic devices involves the
integrated module [6]. Manufacturers seek ways to pack-
age multiple switching devices, with their interconnections
and protection components, together as a unit. Control cir-
cuits for converters are also integrated as much as possible
to keep the reliability high. The package itself is a factor
in reliability, and one that is a subject of active research.
Many semiconductor packages include small bonding wires
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that can be susceptible to thermal or vibration damage.
The small geometries also tend to enhance electromagnetic
interference among the internal circuit components.

1.3 Trends in Power Supplies

Two distinct trends drive electronic power supplies, one of the
major classes of power electronic circuits. At the high end,
microprocessors, memory chips, and other advanced digital
circuits require increasing power levels and increasing perfor-
mance at very low voltage. It is a challenge to deliver 100 A
or more efficiently at voltages that can be less than 1 V. These
types of power supplies are expected to deliver precise voltages,
even though the load can change by an order of magnitude in
nanoseconds.

At the other end is the explosive growth of portable devices
with rechargeable batteries. The power supplies for these
devices and for other consumer products must be cheap and
efficient. Losses in low-cost power supplies are a problem
today; often, low-end power supplies and battery chargers draw
energy even when their load is off. It is increasingly important
to use the best possible power electronics design techniques for
these supplies to save energy while minimizing costs. Efficiency
standards such as the EnergyStar program place increasingly
stringent requirements on a wide range of low-end power
supplies.

In the past, bulky “linear” power supplies were designed with
transformers and rectifiers from the ac line frequency to pro-
vide dc voltages for electronic circuits. In the late 1960s, use
of dc sources in aerospace applications led to the development
of power electronic dc–dc conversion circuits for power sup-
plies. In a well-designed power electronics arrangement today,
called a switch-mode power supply, an ac source from a wall
outlet is rectified without direct transformation. The resulting
high dc voltage is converted through a dc–dc converter to the
1, 3, 5, and 12 V, or other levels required. A personal computer
commonly requires multiple 3.3- and 5-V supplies, 12-V sup-
plies, additional levels, and a separate converter for 1-V delivery
to the microprocessor. This does not include supplies for the
video display or peripheral devices. Only a switch-mode sup-
ply can support such complex requirements with acceptable
costs.

Switch-mode supplies often take advantage of MOSFET
semiconductor technology. Trends toward high reliability, low
cost, and miniaturization have reached the point where a
5-V power supply sold today might last more than 1,000,000 h
(more than a century), provide 100 W of output in a pack-
age with volume less than 15 cm3, and sell for a price less than
US$ 0.10/W. This type of supply brings an interesting dilemma:
the ac line cord to plug it in takes up more space than the power
supply itself. Innovative concepts such as integrating a power
supply within a connection cable will be used in the future.

Device technology for power supplies is also being driven by
expanding needs in the automotive and telecommunications
industries as well as in markets for portable equipment. The
automotive industry is making a transition to higher voltages
to handle increasing electric power needs. Power conversion for
this industry must be cost effective, yet rugged enough to sur-
vive the high vibration and wide temperature range to which
a passenger car is exposed. Global communication is possi-
ble only when sophisticated equipment can be used almost
anywhere. This brings with it a special challenge, because elec-
trical supplies are neither reliable nor consistent throughout
much of the world. Although voltage swings in the domestic
ac supply in North America are often ±5% around a nominal
value, in many developing nations the swing can be ±25% –
when power is available. Power converters for communications
equipment must tolerate these swings and must also be able to
make use of a wide range of possible backup sources. Given the
enormous size of worldwide markets for mobile devices and
consumer electronics, there is a clear need for flexible-source
equipment. Designers are challenged to obtain maximum per-
formance from small batteries and to create equipment with
minimal energy requirements.

1.4 Conversion Examples

1.4.1 Single-Switch Circuits

Electrical energy sources take the form of dc voltage sources
at various values, sinusoidal ac sources, polyphase sources,
among others. A power electronic circuit might be asked to
transfer energy between two different dc voltage levels, between
an ac source and a dc load, or between sources at different fre-
quencies. It might be used to adjust an output voltage or power
level, drive a nonlinear load, or control a load current. In this
section, a few basic converter arrangements are introduced, and
energy conservation provides a tool for analysis.

EXAMPLE 1.3 Consider the circuit shown in Fig. 1.4. It
contains an ac source, a switch, and a resistive load. It is
a simple but complete power electronic system.

+

−

VoutVac R

FIGURE 1.4 A simple power electronic system. (From [2], c© 1998,
Oxford University Press, Inc.; used by permission.)
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FIGURE 1.5 Input and output waveforms for Example 1.4.

Let us assign a (somewhat arbitrary) control scheme to the
switch. What if the switch is turned on whenever Vac> 0, and
turned off otherwise? The input and output voltage waveforms
are shown in Fig. 1.5. The input has a time average of 0, and
root-mean-square (RMS) value equal to Vpeak/

√
2, where Vpeak

is the maximum value of Vac. The output has a nonzero average
value given by

〈vout(t)〉 = 1

2π

⎛
⎝

π /2∫
−π /2

Vpeak cos θ dθ +
3π /2∫
π /2

0 dθ

⎞
⎠

= Vpeak

π
= 0.3183Vpeak (1.1)

and an RMS value equal to Vpeak/2. Since the output has
nonzero dc voltage content, the circuit can be used as an
ac–dc converter. To make it more useful, a low-pass filter would
be added between the output and the load to smooth out the ac
portion. This filter needs to be lossless, and will be constructed
from only inductors and capacitors.

The circuit in Example 1.3 acts as a half-wave rectifier with
a resistive load. With the hypothesized switch action, a diode
can substitute for the ideal switch. The example confirms
that a simple switching circuit can perform power conversion
functions. But note that a diode is not, in general, the same as
an ideal switch. A diode places restrictions on the current direc-
tion, whereas a true switch would not. An ideal switch allows
control over whether it is on or off, whereas a diode’s operation
is constrained by circuit variables.

Consider a second half-wave circuit, now with a series L–R
load, shown in Fig. 1.6.

EXAMPLE 1.4 A series diode L–R circuit has ac voltage
source input. This circuit operates much differently than
the half-wave rectifier with resistive load. A diode will
be on if forward-biased, and off if reverse-biased. In this
circuit, when the diode is off, the current will be zero.

+

−

VdVac
R

L

FIGURE 1.6 Half-wave rectifier with L–R load for Example 1.5.

Whenever the diode is on, the circuit is the ac source
with L–R load. Let the ac voltage be V0 cos(ωt). From
Kirchhoff ’s Voltage Law (KVL),

V0 cos(ωt) = L
di

dt
+ Ri.

Let us assume that the diode is initially off (this assump-
tion is arbitrary, and we will check it as the example is
solved). If the diode is off, the diode current is i = 0,
and the voltage across the diode will be vac. The diode
will become forward-biased when vac becomes positive.
The diode will turn on when the input voltage makes
a zero-crossing in the positive direction. This allows us
to establish initial conditions for the circuit: i(t0) = 0,
t0 = −π /(2ω). The differential equation can be solved in
a conventional way to give

i(t) = V0

[
ωL

R2 + ω2L2
exp

(−t

τ
− π

2ωτ

)

+ R

R2 + ω2L2
cos(ωt)

+ ωL

R2 + ω2L2
sin(ωt)

]
(1.2)
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FIGURE 1.7 Input and output waveforms for Example 1.5.

where τ is the time constant L/R. What about when the
diode is turned off ? The first guess might be that the diode
turns off when the voltage becomes negative, which is not
correct. From the solution, we can note that the current
is not zero when the voltage first becomes negative. If
the switch attempts to turn off, it must instantly drop
the inductor current to zero. The derivative of current
in the inductor, di/dt , would become negative infinite.
The inductor voltage L(di/dt) similarly becomes nega-
tive infinite, and the devices are destroyed. What really
happens is that the falling current allows the inductor to
maintain forward bias on the diode. The diode will turn
off only when the current reaches zero. A diode has defi-
nite properties that determine the circuit action, and both
the voltage and current are relevant. Figure 1.7 shows the
input and output waveforms for a time constant τ equal
to about one-third of the ac waveform period.

1.4.2 The Method of Energy Balance

Any circuit must satisfy conservation of energy. In a lossless
power electronic circuit, energy is delivered from source to
load, possibly through an intermediate storage step. The energy
flow must balance over time such that the energy drawn from
the source matches that delivered to the load. The converter
in Fig. 1.8 serves as an example of how the method of energy
balance can be used to analyze circuit operation.

EXAMPLE 1.5 The switches in the circuit of Fig. 1.8 are
controlled cyclically to operate in alternation: when the
left switch is on, the right switch is off, and so on. What
does the circuit do if each switch operates half the time?
The inductor and capacitor have large values.

When the left switch is on, the source voltage Vin

appears across the inductor. When the right switch is on,

i

LVin VoutC R

+

−

FIGURE 1.8 Energy transfer switching circuit for Example 1.5.
(From [2], c© 1998, Oxford University Press, Inc.; used by permission.)

the output voltage Vout appears across the inductor.
If this circuit is to be viewed as a useful converter, the
inductor should receive energy from the source and then
deliver it to the load without loss. Over time, this means
that energy does not build up in the inductor, but instead
flows through on average. The power into the inductor,
therefore, must equal the power out, at least over a cycle.
Therefore, the average power in must equal the average
power out of the inductor. Let us denote the induc-
tor current as i. The input is a constant voltage source.
Because L is large, this constant voltage source will not be
able to change the inductor current quickly, and we can
assume that the inductor current is also constant. The
average power into L over the cycle period T is

Pin = 1

T

T/2∫
0

Vin i dt = Vini

2
. (1.3)

For the average power out of L, we must be careful about cur-
rent directions. The current out of the inductor will have a
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value −i. The average output power is

Pout = 1

T

T∫
T/2

−iVoutdt = −Vouti

2
(1.4)

For this circuit to be viewed useful as a converter, the net energy
should flow from the source to the load over time. The power
conservation relationship Pin = Pout requires that Vout = −Vin.

The method of energy balance shows that, when operated as
described in the example, the circuit shown in Fig. 1.8 serves as
a polarity reverser. The output voltage magnitude is the same
as that of the input, but the output polarity is negative with
respect to the reference node. The circuit is often used to gene-
rate a negative supply for analog circuits from a single positive
input level. Other output voltage magnitudes can be achieved
at the output if the switches alternate at unequal times.

If the inductor in the polarity reversal circuit is moved
instead to the input, a step-up function is obtained. Consider
the circuit shown in Fig. 1.9 in the following example.

EXAMPLE 1.6 The switches shown in Fig. 1.9 are con-
trolled cyclically in alternation. The left switch is on for
two-thirds of each cycle, and the right switch for the
remaining one-third of each cycle. Determine the rela-
tionship between Vin and Vout. The inductor’s energy
should not build up when the circuit is operating nor-
mally as a converter. A power balance calculation can be
used to relate the input and output voltages. Again, let i
be the inductor current. When the left switch is on, power
is injected into the inductor. Its average value is

Pin = 1

T

2T/3∫
0

Vini dt = 2Vini

3
. (1.5)

Power leaves the inductor when the right switch is on.
Care must be taken with respect to polarities, and the
current should be set negative to represent output power.

C

L

VoutVin

i

R

+

−

FIGURE 1.9 Switching converter Example 1.6. (From [2], c© 1998,
Oxford University Press, Inc.; used by permission.)

The result is

Pout = 1

T

T∫
2T/3

−(Vin − Vout)i dt

= −Vini

3
+ Vouti

3
. (1.6)

When the input and output power are equated,

2Vini

3
= −Vouti

3
+ Vouti

3
, and 3Vin = Vout (1.7)

and the output voltage is found to be triple the input.
Many seasoned engineers find the dc–dc step-up func-
tion shown in Fig. 1.9 to be surprising. Yet, it is just
one example of such action. Others (including flyback
circuits related to Fig. 1.8) are used in systems ranging
from controlled power supplies to spark ignitions for
automobiles.

The circuits in the preceding examples have few components,
provide useful conversion functions, and are efficient. If the
switching devices are ideal, each circuit is lossless. Over the
history of power electronics, development has tended to flow
around the discovery of such circuits: a circuit with a particular
conversion function is discovered, analyzed, and applied. As the
circuit moves from laboratory testing to a complete commer-
cial product, control and protection functions are added. The
power portion of the circuit remains close to the original idea.
The natural question arises as to whether a systematic approach
to conversion is possible: can we start with a desired func-
tion and design an appropriate converter, rather than starting
from the converter and working backwards toward the applica-
tion? What underlying principles can be applied to design and
analysis? In this chapter, a few of the key concepts are intro-
duced. Note that, although many of the circuits look decep-
tively simple, all circuits are nonlinear systems with unusual
behavior.

1.5 Tools for Analysis and Design

1.5.1 The Switch Matrix

The most readily apparent difference between a power elec-
tronic circuit and other types of electronic circuits is the switch
action. In contrast to a digital circuit, the switches do not indi-
cate a logic level. Control is effected by determining the times at
which switches should operate. Whether there is just one switch
or a large group, there is a complexity limit: if a converter has
m inputs and n outputs, even the densest possible collection
of switches would have a single switch between each input and
output lines. The m × n switches in the circuit can be arranged
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FIGURE 1.10 The general switch matrix.

according to their connections. The pattern suggests a matrix,
as shown in Fig. 1.10.

Power electronic circuits fall into two broad classes:

1. Direct switch matrix circuits. In these circuits, energy
storage elements are connected to the matrix only at
the input and output terminals. The storage elements
effectively become part of the source or the load. A
rectifier with an external low-pass filter is an exam-
ple of a direct switch matrix circuit. In the litera-
ture, ac–ac versions of these circuits are sometimes
called matrix converters.

2. Indirect switch matrix circuits, also termed embedded
converters. These circuits, like the polarity-reverser
example, have energy storage elements connected
within the matrix structure. Indirect switch matrix
circuits are most commonly analyzed as a cascade
connection of direct switch matrix circuits with storage
in between.

The switch matrices in realistic applications are small. A 2 × 2
switch matrix, for example, covers all possible cases with a
single-port input source and a two-terminal load. The matrix
is commonly drawn as the H-bridge shown in Fig. 1.11.
A more complicated example is the three-phase bridge rectifier
shown in Fig. 1.12. There are three possible inputs, and the two
terminals of the dc circuit provide outputs, which gives a 3 × 2

Input
source

Load

1,1 1,2

2,22,1

FIGURE 1.11 H-bridge configuration of a 2 × 2 switch matrix.

DC
load

vc

vb

va

FIGURE 1.12 Three-phase bridge rectifier circuit, a 3×2 switch matrix.

switch matrix. In a computer power supply with five separate
dc loads, the switch matrix could be 2 × 10. Very few practical
converters have more than 24 switches, and most designs use
fewer than 12.

A switch matrix provides a way to organize devices for a
given application. It also helps us focus on three major task
areas, which must be addressed individually and effectively in
order to produce a useful power electronic system.

• The “Hardware” Task – Build a switch matrix. This
involves the selection of appropriate semiconductor
switches and the auxiliary elements that drive and protect
them.

• The “Software” Task – Operate the matrix to achieve the
desired conversion. All operational decisions are imple-
mented by adjusting switch timing.

• The “Interface” Task – Add energy storage elements to
provide the filters or intermediate storage necessary to
meet the application requirements. Lossless filters with
simple structures are required.

In a rectifier or other converter, we must choose the electronic
parts, how to operate them, and how best to filter the output to
satisfy the needs of the load.

1.5.2 Implications of Kirchhoff’s Voltage
and Current Laws

A major challenge of switch circuits is their capacity to
“violate” circuit laws. First, consider the simple circuits shown
in Fig. 1.13. We might try the circuit shown in Fig. 1.13a for
ac–dc conversion, but there is a problem. According to
Kirchhoff ’s Voltage Law (KVL), the “sum of voltage drops
around a closed loop is zero.” However, with the switch closed,
the sum of voltages around the loop is not zero. In reality,
this is not a valid result. Instead, a very large current will flow
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FIGURE 1.13 Hypothetical power converters: (a) possible ac–dc converter (b) possible dc–dc converter. (From [2], c© 1998, Oxford University Press
Inc.; used by permission.)

and cause a large I ·R drop in the wires. KVL will be satisfied
by the wire voltage drop, but a fire or, better yet, fuse action,
might result. There is, however, nothing that would prevent an
operator from trying to close the switch. KVL, then, implies a
crucial restriction: a switch matrix must not attempt to inter-
connect unequal voltage sources directly. Notice that a wire, or
dead short, can be thought of as a voltage source with V = 0, so
KVL is a generalization of avoiding shorts across an individual
voltage source.

A similar constraint holds for Kirchhoff ’s Current Law
(KCL) that states that “currents into a node must sum to zero.”
When current sources are present in a converter, we must avoid
any attempts to violate KCL. In Fig. 1.13b, if the current sources
are different and if the switch is opened, the sum of the cur-
rents into the node will not be zero. In a real circuit, high
voltages will build up and cause an arc to create another cur-
rent path. This situation has real potential for damage, and a
fuse will not help. As a result, KCL implies the restriction that
a switch matrix must not attempt to interconnect unequal cur-
rent sources directly. An open circuit can be thought of as a
current source with I = 0, so KCL applies to the problem of
opening an individual current source.

In contrast to conventional circuits, in which KVL and KCL
are automatically satisfied, switches do not “know” KVL or
KCL. If a designer forgets to check, and accidentally shorts two
voltages or breaks a current source connection, some problem
or damage will result. KVL and KCL place necessary constraints
on the operation of a switch matrix. In the case of voltage
sources, switches must not act to create short-circuit paths
among unlike sources. In the case of KCL, switches must act
to provide a path for currents. These constraints drastically
reduce the number of valid switch-operating conditions in a
switch matrix, thereby leading to manageable operating design
problems.

When energy storage is included, there are interesting impli-
cations of the circuit law restrictions. Figure 1.14 shows two
“circuit law problems.” In Fig. 1.14a, the voltage source will
cause the inductor current to ramp up indefinitely, since
V = L di/dt . We might consider this to be a “KVL problem”

(a) (b)

FIGURE 1.14 Short-term KVL and KCL problems in energy storage cir-
cuits: (a) an inductor cannot sustain dc voltage indefinitely; (b) a capacitor
cannot sustain dc current indefinitely.

because the long-term effect is similar to shorting the source. In
Fig. 1.14b, the current source will cause the capacitor voltage to
ramp toward infinity. This causes a “KCL problem”; eventually,
an arc will be formed to create an additional current path, just
as if the current source had been opened. Of course, these con-
nections are not problematic if they are only temporary. How-
ever, it should be evident that an inductor will not support
dc voltage, and a capacitor will not support dc current. On
average, over an extended time interval, the voltage across an
inductor must be zero, and the current into a capacitor must
be zero.

1.5.3 Resolving the Hardware Problem –
Semiconductor Devices

A switch is either on or off. When on, an ideal switch will carry
any current in any direction. When off, it will never carry cur-
rent, no matter what voltage is applied. It is entirely lossless and
changes from its on-state to its off-state instantaneously. A real
switch can only approximate an ideal switch. The following are
the aspects of real switches that differ from the ideal:

• limits on the amount and direction of on-state current;
• a nonzero on-state voltage drop (such as a diode forward

voltage);
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• some levels of leakage current when the device is sup-
posed to be off;

• limitations on the voltage that can be applied when off;
• operating speed. The duration of transition between the

on-states and off-states is important.

The degree to which the properties of an ideal switch must be
met by a real switch depends on the application. For example,
a diode can easily be used to conduct dc current; the fact that
it conducts only in one direction is often an advantage, not a
weakness.

Many different types of semiconductors have been applied in
power electronics. In general, these fall into three groups:

1. Diodes, which are used in rectifiers, dc–dc converters,
and in supporting roles.

2. Transistors, which in general are suitable for control of
single-polarity circuits. Several types of transistors are
applied to power converters. The IGBT type is unique
to power electronics and has good characteristics for
applications such as inverters.

3. Thyristors, which are multijunction semiconductor
devices with latching behavior. In general, thyristors
can be switched with short pulses and then maintain
their state until current is removed. They act only as
switches. The characteristics are especially well suited

TABLE 1.1 Examples of semiconductor devices used in power electronics

Device type Characteristics of power devices

Diode Current ratings from under 1 A to more than 5000 A. Voltage ratings from 10 V to 10 kV or more. The fastest power devices switch in less than
10 ns, whereas the slowest require 100 μs or more. The function of a diode applies in rectifiers and dc–dc circuits.

BJT (Bipolar junction transistor) Conducts collector current (in one direction) when sufficient base current is applied. The function applies to
dc–dc circuits. Power BJTs have mostly been supplanted by FETs and IGBTs.

FET (Field effect transistor) Conducts drain current when sufficient gate voltage is applied. Power FETs (nearly always enhancement-mode
MOSFETs) have a parallel connected reverse diode by virtue of their construction. Ratings from about 0.5 A to about 150 A and 20 V up to
1200 V. Switching times are fast, from 20 ns or less up to 200 ns. The function applies to dc–dc conversion, where the FET is in wide use, and
to inverters.

IGBT (Insulated gate bipolar transistor) A special type of transistor that has the function of a BJT with its base driven by an FET. Faster than a BJT
of similar ratings, and easy to use. Ratings from 10 A to more than 600 A, with voltages of 600 to 2500 V. The IGBT is popular in inverters
from about 1 to 200 kW or more. It is found almost exclusively in power electronics applications.

SCR (Silicon-controlled rectifier) A thyristor that conducts like a diode after a gate pulse is applied. Turns off only when current becomes zero.
Prevents current flow until a pulse appears. Ratings from 10 A up to more than 5000 A, and from 200 V up to 6 kV. Switching requires 1 to
200 μs. Widely used for controlled rectifiers. The SCR is found almost exclusively in power electronics applications, and is the most common
member of the thyristor family.

GTO (Gate turn-off thyristor) An SCR that can be turned off by sending a negative pulse to its gate terminal. Can substitute for transistors in
applications above 200 kW or more. The ratings approach those of SCRs, and the speeds are similar as well.

TRIAC A semiconductor constructed to resemble two SCRs connected in reverse parallel. Ratings from 2 to 50 A and 200 to 800 V. Used in lamp
dimmers, home appliances, and hand tools. Not as rugged as many other device types, but very convenient for many ac applications.

IGCT (Integrated gate commutated thyristor) A combination device that includes a high-power thyristor and external electronics to control it. This
device is a member of a larger family of combination devices, in which multiple semiconductor chips packaged together perform a single
power function. The IGCT provides a high-performance GTO function for power levels above 1 MW or more.

to high-power controllable rectifiers, they have been
applied to all power-conversion applications.

Some of the features of the most common power semicon-
ductors are listed in Table 1.1. The table shows a wide variety
of speeds and rating levels. As a rule, faster speeds apply to
lower ratings. For each device type, cost tends to increase both
for faster devices and for devices with higher power-handling
capacity.

Conducting direction and blocking behavior are fundamen-
tally tied to the device type, and these basic characteristics
constrain the choice of device for a given conversion function.
Consider again a diode. It carries current in only one direc-
tion and always blocks current in the other direction. Ideally,
the diode exhibits no forward voltage drop or off-state leak-
age current. Although an ideal diode lacks the many features
of an ideal switch, it is an important switching device. Other
real devices operate with polarity limits on current and voltage
and have corresponding ideal counterparts. It is convenient to
define a special type of switch to represent this behavior: the
restricted switch.

DEFINITION A restricted switch is an ideal switch with
the addition of restrictions on the direction of current
flow and voltage polarity. The ideal diode is one example
of a restricted switch.
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TABLE 1.2 The types of restricted switches

Action Device Quadrants Restricted switch symbol Device symbol

Carries current in one direction, blocks in the
other (forward-conducting reverse-blocking)

Diode I

V

Carries or blocks current in one direction
(forward-conducting forward-blocking)

BJT I

V

Carries in one direction or blocks in both
directions (forward-conducting
bidirectional-blocking)

GTO I

V

Carries in both directions, but blocks only in
one direction (bidirectional-carrying
forward-blocking)

FET I

V

Fully bidirectional Ideal switch I

V

The diode always permits current flow in one direction, while
blocking flow in the other direction. It therefore represents a
forward-conducting reverse-blocking restricted switch and oper-
ates in one quadrant on a graph of device current versus.
voltage. This function is automatic – the two diode terminals
provide all the necessary information for switch action. Other
restricted switches require a third gate terminal to determine
their state. Consider the polarity possibilities given in Table 1.2.
Additional functions such as bidirectional-conducting reverse-
blocking can be obtained by reverse connection of one of the
five types in the table.

The quadrant operation shown in the table indicates
polarities. For example, the current in a diode will be posi-
tive when on, and the voltage will be negative when off. This
means diode operation is restricted to the single quadrant com-
prising the upper vertical (current) axis and the left horizontal
(voltage) axis. Other combinations appear in the table. Sym-
bols for restricted switches can be built up by interpreting the
diode’s triangle as the current-carrying direction and the bar
as the blocking direction. Five types of symbols can be drawn
as shown in Table 1.2. These symbols are used infrequently,
but are useful for showing the polarity behavior of switching
devices. A circuit drawn with restricted switches represents an
idealized power converter.

Restricted switch concepts guide the selection of devices.
For example, consider an inverter intended to deliver ac load
current from a dc voltage source. A switch matrix built to
perform this function must be able to manipulate ac current

and dc voltage. Regardless of the physical arrangement of the
matrix, we would expect bidirectional-conducting forward-
blocking switches to be useful for this conversion. This is
a correct result: modern inverters operating from dc volt-
age sources are built with FETs or with IGBTs packaged with
reverse-parallel diodes. As new power devices are introduced
to the market, it is straightforward to determine what types
of converters will use them.

1.5.4 Resolving the Software Problem –
Switching Functions

The physical m × n switch matrix can be associated with a
mathematical m × n switch state matrix. Each element of this
matrix, called a switching function, shows whether the corre-
sponding physical device is on or off.

DEFINITION A switching function, q(t), has a value of
1 when the corresponding physical switch is on and 0
when it is off. Switching functions are discrete-valued
functions of time, and control of switching devices can
be represented with them.

Figure 1.15 shows a typical switching function. It is periodic,
with period T , representing the most likely repetitive switch
action in a power converter. For convenience, it is drawn on
a relative time scale that begins at 0 and draws out the square
wave period by period. The actual timing is arbitrary, so the
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Absolute time reference

Relative time period T
0 DTt0 T T + DT 2T 3T 4T 5T

0

1

FIGURE 1.15 A generic switching function with period T , duty ratio D,
and time reference t0.

center of the first pulse is defined as a specified time t0 in the
figure. In many converters, the switching function is generated
as an actual control voltage signal that might drive the gate
of either a MOSFET or some other semiconductor switching
device.

The timing of switch action is the only alternative for control
of a power converter. Because switch action can be represented
with a discrete-valued switching function, timing can be repre-
sented within the switching function framework. On the basis
of Fig. 1.15, a generic switching function can be characterized
completely with three parameters:

1. The duty ratio, D, is the fraction of time during which
the switch is on. For control purposes, the on-time
interval or pulse width can be adjusted to achieve
a desired result. We can term this adjustment pro-
cess pulse-width modulation (PWM), perhaps the most
important process for implementing control in power
converters.

2. The frequency fswitch = 1/T (with radian frequencyω =
2π fswitch) is most often constant, although not in all
applications. For control purposes, frequency can be
adjusted. This strategy is sometimes used in low-power
dc–dc converters to manage wide load ranges. In other
converters, frequency control is unusual because the
operating frequency is often dictated by the appli-
cation.

3. The time delay t0 or phase ϕ0 = ωt0. Rectifiers often use
phase control to provide a range of adjustment. Phase-
shifted bridge circuits are common for high-power
dc–dc conversion. A few specialized ac–ac converter
applications use phase modulation.

With just three parameters to vary, there are relatively few
possible ways to control any power electronic circuit. dc–dc
converters and inverters usually rely on duty ratio adjustment
(PWM) to alter their behavior. Phase control is common in
controlled rectifier applications.

Switching functions are powerful tools for the general rep-
resentation of converter action [7]. The most widely used
control approaches derive from averages of switching functions
[2, 8]. Their utility comes from their application in writing cir-
cuit equations. For example, in the boost converter shown in

Fig. 1.9, the loop and node equations change depending on
which switch is acting at a given moment. The two possible
circuit configurations each have distinct equations. Switching
functions allow them to be combined. By assigning switch-
ing functions q1(t) and q2(t) to the left- and right-switching
devices, respectively, we obtain

q1

(
Vin − L

diL
dt

= 0

)
,

q1

(
C

dvC

dt
+ vC

R
= 0

)
, left switch on (1.8)

q2

(
Vin − L

diL
dt

= vC

)
,

q2

(
C

dvC

dt
+ vC

R
= iL

)
, right switch on (1.9)

Because the switches alternate, and the switching functions
must be 0 or 1, these sets of equations can be combined to give

Vin − L
diL
dt

= q2vC, C
dvC

dt
+ vC

R
= q2iL (1.10)

The combined expressions are simpler and easier to analyze
than the original equations.

For control purposes, the average of equations such as (1.10)
often proceeds with the replacement of switching functions q
with duty ratios d. The discrete time action of a switching func-
tion thus will be represented by an average duty ratio param-
eter. Switching functions, the advantages gained by averaging,
and control approaches such as PWM are discussed at length
in several chapters in this handbook.

1.5.5 Resolving the Interface Problem – Lossless
Filter Design

Lossless filters for power electronic applications are sometimes
called smoothing filters [9]. In applications in which dc outputs
are of interest, such filters are commonly implemented as sim-
ple low-pass LC structures. The analysis is facilitated because in
most cases the residual output waveform, termed ripple, has a
predictable shape. Filter design for rectifiers or dc–dc convert-
ers is a question of choosing storage elements large enough to
keep ripple low, but not so large that the whole circuit becomes
unwieldy or expensive.

Filter design is more challenging when ac outputs are
desired. In some cases, this is again an issue of low-pass filter
design. However, in many applications, low-pass filters are not
adequate to meet low noise requirements. In these situations,
active filters can be used. In power electronics, the term active
filter refers to lossless switching converters that actively inject
or remove energy moment-by-moment to compensate for dis-
tortion. The circuits (discussed in Chapter 41 – Active Filters
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in this handbook) are not related to the linear active filter
op-amp circuits used in analog signal processing. In ac applica-
tions, there is a continuing opportunity for innovation in filter
design.

1.6 Sample Applications

Although power electronics is becoming universal for elec-
tronic systems, a few emerging applications have generated
wide interest. Some are discussed briefly here to introduce the
breadth of activity in the field.

A hybrid electric vehicle typically has two major power elec-
tronic systems and dozens or even hundreds of smaller systems
[10]. The two large units are the inverter system, which controls
the electric drive motor, and a rectifier system, which manages
battery charging. Smaller systems include motor controllers
in electric power steering units, lighting electronics for high-
intensity headlamps, controllers for the wide range of small
motors that actuate everything from windshield wipers to DVD
players, and power supplies for the host of microcontrollers
embedded in a modern car. As plug-in hybrid and electric cars
continue to develop, the efficiency and sophistication of battery
chargers and drive motor controllers will increase.

In a hybrid car, a typical inverter rating is about 50 kW. Fully
electric automobiles have inverter ratings to about 200 kW.
Hybrid and electric drive power levels increase from there to
include multimegawatt inverters that power high-speed trains.

At the other power extreme, designers have been working on
small power electronic systems that extract energy from various
ambient sources for local purposes [11]. These energy harvest-
ing applications will be an emerging growth area. An example
application is a corrosion sensor, built into a highway bridge,
that gathers energy from vibration. The vibration energy is
converted and stored, then used for intermittent communica-
tion with a central monitoring computer. Typical power levels
can be less than 0.001 W.

Solar, wind, and other alternative energy resources are tightly
linked to power electronics. A typical solar panel produces
about 30-V dc, with tolerances from 20 to 40 V or more. This
randomly changing dc source must be converted to clean,
tightly regulated ac voltage that synchronizes to the electric-
ity grid and delivers energy. Solar inverter efficiency, reliability,
and cost are major factors in successful energy innovation.
A dual application, meaning that energy flows in the opposite
direction but that many other characteristics are shared, is that
of solid-state lighting [12]. In that case, flexible control of a dc
current must be provided from an ac grid source.

For wind energy, a typical large-scale wind turbine can pro-
duce 2 MW of high-frequency ac power. The frequency and
voltage vary rapidly according to wind speed. This power
must be converted to fixed frequency and voltage for grid
interconnection.

1.7 Summary

Power electronics is the study of electronic circuits for the con-
trol and conversion of electrical energy. The technology is a
critical part of our energy infrastructure and is central for a
wide range of uses of electricity. For power electronics design,
we consider only those circuits and devices that, in princi-
ple, introduce no loss and achieve near-perfect reliability. The
two key characteristics of high efficiency and high reliability
are implemented with switching circuits, supplemented with
energy storage. Switching circuits can be organized as switch
matrices. This facilitates their analysis and design.

In a power electronic system, the three primary challenges
are the hardware problem of implementing a switch matrix,
the software problem of deciding how to operate that matrix,
and the interface problem of removing unwanted distortion
and providing the user with the desired clean power source.
The hardware is implemented with a few special types of power
semiconductors. These include several types of transistors,
especially MOSFETs and IGBTs, and several types of thyristors,
especially SCRs and GTOs. The software problem can be rep-
resented in terms of switching functions. The frequency, duty
ratio, and phase of switching functions are available for opera-
tional purposes. The interface problem is addressed by means
of lossless filter circuits. Most often, these are lossless LC passive
filters to smooth out ripple or reduce harmonics. Active filter
circuits also have been applied to make dynamic corrections in
power conversion waveforms.

Improvements in devices and advances in control concepts
have led to steady improvements in power electronic circuits
and systems. This is driving tremendous expansion of applica-
tions. Personal computers, for example, would be unwieldy and
inefficient without power electronic dc supplies. Mobile devices
and laptop computers would be impractical. High-efficiency
lighting, motor controls, and a wide range of industrial con-
trols depend on power electronics. Strong growth is occurring
in automotive applications, in lighting, in dc power supplies for
portable devices, in high-end converters for advanced micro-
processors, and in alternative and renewable energy. During the
next generation, we will reach a time when almost all electrical
energy is processed through power electronics somewhere in
the path from generation to end use.
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28.1 Introduction

The Kyoto agreement on global reduction of greenhouse gas
emissions has prompted renewed interest in renewable energy
systems worldwide. Many renewable energy technologies today
are well developed, reliable, and cost competitive with the
conventional fuel generators. The cost of renewable energy
technologies is on a falling trend and is expected to fall further
as demand and production increases. There are many renew-
able energy sources (RES) such as biomass, solar, wind, mini
hydro and tidal power. However, solar and wind energy sys-
tems make use of advanced power electronics technologies and,
therefore the focus in this chapter will be on solar photovoltaic
and wind power.

One of the advantages offered by (RES) is their poten-
tial to provide sustainable electricity in areas not served by
the conventional power grid. The growing market for renew-
able energy technologies has resulted in a rapid growth in the
need of power electronics. Most of the renewable energy tech-
nologies produce DC power and hence power electronics and
control equipment are required to convert the DC into AC
power.

Inverters are used to convert DC to AC. There are two
types of inverters: (a) stand-alone or (b) grid-connected. Both
types have several similarities but are different in terms of
control functions. A stand-alone inverter is used in off-grid

applications with battery storage. With back-up diesel genera-
tors (such as photovoltaic (PV)/diesel/hybrid power systems),
the inverters may have additional control functions such as
operating in parallel with diesel generators and bi-directional
operation (battery charging and inverting). Grid interactive
inverters must follow the voltage and frequency characteristics
of the utility generated power presented on the distribution
line. For both types of inverters, the conversion efficiency is a
very important consideration. Details of stand-alone and grid-
connected inverters for PV and wind applications are discussed
in this chapter.

Section 28.2 covers stand-alone PV system applications such
as battery charging and water pumping for remote areas.
This section also discusses power electronic converters suit-
able for PV-diesel hybrid systems and grid-connected PV
for rooftop and large-scale applications. Of all the renewable
energy options, the wind turbine technology is maturing very
fast. A marked rise in installed wind power capacity has been
noticed worldwide in the last decade. Per unit generation cost
of wind power is now quite comparable with the conventional
generation. Wind turbine generators are used in stand-alone
battery charging applications, in combination with fossil fuel
generators as part of hybrid systems and as grid-connected sys-
tems. As a result of advancements in blade design, generators,
power electronics, and control systems, it has been possible to
increase dramatically the availability of large-scale wind power.

Copyright © 2007, 2001, Elsevier Inc.

All rights reserved.

723
DOI: 10.1016/B978-0-12-382036-5.00028-8

IPR2024-00389 
Relink EX2009
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Many wind generators now incorporate speed control mech-
anisms like blade pitch control or use converters/inverters to
regulate power output from variable speed wind turbines. In
Section 28.3, electrical and power conditioning aspects of wind
energy conversion systems were included.

28.2 Power Electronics for Photovoltaic
Power Systems

28.2.1 Basics of Photovoltaics

The density of power radiated from the sun (referred as “solar
energy constant”) at the outer atmosphere is 1.373 kW/m2.
Part of this energy is absorbed and scattered by the earth’s
atmosphere. The final incident sunlight on earth’s surface has
a peak density of 1 kW/m2 at noon in the tropics. The tech-
nology of photovoltaics (PV) is essentially concerned with the
conversion of this energy into usable electrical form. Basic ele-
ment of a PV system is the solar cell. Solar cells can convert
the energy of sunlight directly into electricity. Consumer appli-
ances used to provide services such as lighting, water pumping,
refrigeration, telecommunication, television, etc. can be run
from PV electricity. Solar cells rely on a quantum-mechanical
process known as the “photovoltaic effect” to produce electric-
ity. A typical solar cell consists of a p–n junction formed in a
semiconductor material similar to a diode. Figure 28.1 shows
a schematic diagram of the cross section through a crystalline
solar cell [1]. It consists of a 0.2–0.3 mm thick monocrystalline
or polycrystalline silicon wafer having two layers with dif-
ferent electrical properties formed by “doping” it with other
impurities (e.g. boron and phosphorous). An electric field is
established at the junction between the negatively doped (using
phosphorous atoms) and the positively doped (using boron
atoms) silicon layers. If light is incident on the solar cell, the
energy from the light (photons) creates free charge carriers,
which are separated by the electrical field. An electrical volt-
age is generated at the external contacts, so that current can

V

PV CELL

Iph

Iph

−I

Isc
illuminated
eg. solar cell

dark
eg. diode

Id

Ic

Vc Voc
R

(a) (b)

FIGURE 28.2 Simplified equivalent circuit for a solar cell.

light

negative electrode

negative doped silicon

positive doped silicon

PN junction

positive electrode

FIGURE 28.1 Principle of the operation of a solar cell [2].

flow when a load is connected. The photocurrent (Iph), which
is internally generated in the solar cell, is proportional to the
radiation intensity.

A simplified equivalent circuit of a solar cell consists of a
current source in parallel with a diode as shown in Fig. 28.2a.
A variable resistor is connected to the solar cell generator
as a load. When the terminals are short-circuited, the out-
put voltage and also the voltage across the diode is zero. The
entire photocurrent (Iph) generated by the solar radiation then
flows to the output. The solar cell current has its maximum
(Isc ). If the load resistance is increased, which results in an
increasing voltage across the p–n junction of the diode, a
portion of the current flows through the diode and the out-
put current decreases by the same amount. When the load
resistor is open-circuited, the output current is zero and the
entire photocurrent flows through the diode. The relation-
ship between current and voltage may be determined from the
diode characteristic equation

I = Iph − I0(eqV /kT − 1) = Iph − Id (28.1)

where q is the electron charge, k is the Boltzmann constant, Iph

is photocurrent, I0 is the reverse saturation current, Id is diode
current, and T is the solar cell operating temperature (◦K). The
current vs voltage (I–V) of a solar cell is thus equivalent to an
“inverted” diode characteristic curve shown in Fig. 28.2b.
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A number of semiconductor materials are suitable for the
manufacturing of solar cells. The most common types using
silicon semiconductor material (Si) are:

• Monocrystalline Si cells.
• Polycrystalline Si cells.
• Amorphous Si cells.

A solar cell can be operated at any point along its characteris-
tic current–voltage curve, as shown in Fig. 28.3. Two important
points on this curve are the open-circuit voltage (Voc ) and
short-circuit current (Isc ). The open-circuit voltage is the max-
imum voltage at zero current, while short-circuit current is
the maximum current at zero voltage. For a silicon solar cell
under standard test conditions, Voc is typically 0.6–0.7 V, and
Isc is typically 20–40 mA for every square centimeter of the cell
area. To a good approximation, Isc is proportional to the illu-
mination level, whereas Voc is proportional to the logarithm
of the illumination level.

A plot of power (P) against voltage (V ) for this device
(Fig. 28.3) shows that there is a unique point on the I–V curve
at which the solar cell will generate maximum power. This is
known as the maximum power point (Vmp , Imp). To maximize
the power output, steps are usually taken during fabrication,
the three basic cell parameters: open-circuit voltage, short-
circuit current, and fill factor (FF) – a term describing how

Voc

V

Isc

I / P

Impp

Vmpp

Pmpp

FIGURE 28.3 Current vs voltage (I–V) and current power (P–V)
characteristics for a solar cell.

PV Cell PV Module PV Panel PV Array

FIGURE 28.4 PV generator terms.

“square” the I–V curve is, given by

Fill Factor = (Vmp × Imp)/(Voc × Isc ) (28.2)

For a silicon solar cell, FF is typically 0.6–0.8. Because sili-
con solar cells typically produce only about 0.5 V, a number of
cells are connected in series in a PV module. A panel is a col-
lection of modules physically and electrically grouped together
on a support structure. An array is a collection of panels (see
Fig. 28.4).

The effect of temperature on the performance of silicon
solar module is illustrated in Fig. 28.5. Note that Isc slightly
increases linearly with temperature, but, Voc and the maximum
power, Pm decrease with temperature [1].

Figure 28.6 shows the variation of PV current and voltages
at different insolation levels. From Figs. 28.5 and 28.6, it can be
seen that the I–V characteristics of solar cells at a given inso-
lation and temperature consist of a constant voltage segment
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FIGURE 28.5 Effects of temperature on silicon solar cells.
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FIGURE 28.6 Typical current/voltage (I–V) characteristic curves for
different insolation.

and a constant current segment [3]. The current is limited,
as the cell is short-circuited. The maximum power condition
occurs at the knee of the characteristic curve where the two
segments meet.

28.2.2 Types of PV Power Systems

Photovoltaic power systems can be classified as:

• Stand-alone PV systems.
• Hybrid PV systems.
• Grid-connected PV systems.

Stand-alone PV systems, shown in Fig. 28.7, are used in
remote areas with no access to a utility grid. Conventional
power systems used in remote areas often based on man-
ually controlled diesel generators operating continuously or
for a few hours. Extended operation of diesel generators at

PV
Panel

Charge
regulator

unit

+

AC
Load

_

InverterBattery

FIGURE 28.7 Stand-alone PV system.

low load levels significantly increases maintenance costs and
reduces their useful life. Renewable energy sources such as
PV can be added to remote area power systems using diesel
and other fossil fuel powered generators to provide 24-hour
power economically and efficiently. Such systems are called
“hybrid energy systems.” Figure 28.8 shows a schematic of a
PV-diesel hybrid system. In grid-connected PV systems shown
in Fig. 28.9, PV panels are connected to a grid through
inverters without battery storage. These systems can be classi-
fied as small systems like the residential rooftop systems or
large grid-connected systems. The grid-interactive inverters
must be synchronized with the grid in terms of voltage and
frequency.

Diesel
Generator

Power
Conditioning and

Control

Battery

Load

PV Panel

FIGURE 28.8 PV-diesel hybrid system.

Power
Conditioning and

Control

PV Panel

Grid

FIGURE 28.9 Grid-connected PV system.
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28.2.3 Stand-alone PV Systems

The two main stand-alone PV applications are:

• Battery charging.
• Solar water pumping.

28.2.3.1 Battery Charging
28.2.3.1.1 Batteries for PV Systems Stand-alone PV energy
system requires storage to meet the energy demand during
periods of low solar irradiation and nighttime. Several types of
batteries are available such as the lead acid, nickel–cadmium,
lithium, zinc bromide, zinc chloride, sodium sulfur, nickel–
hydrogen, redox, and vanadium batteries. The provision of
cost-effective electrical energy storage remains one of the
major challenges for the development of improved PV power
systems. Typically, lead-acid batteries are used to guarantee
several hours to a few days of energy storage. Their reasonable
cost and general availability has resulted in the widespread
application of lead-acid batteries for remote area power sup-
plies despite their limited lifetime compared to other system
components. Lead-acid batteries can be deep or shallow cycling
gelled batteries, batteries with captive or liquid electrolyte,
sealed and non-sealed batteries etc. [4]. Sealed batteries are
valve regulated to permit evolution of excess hydrogen gas
(although catalytic converters are used to convert as much
evolved hydrogen and oxygen back to water as possible). Sealed
batteries need less maintenance. The following factors are
considered in the selection of batteries for PV applications [1]:

• Deep discharge (70–80% depth of discharge).
• Low charging/discharging current.
• Long duration charge (slow) and discharge (long duty

cycle).
• Irregular and varying charge/discharge.
• Low self discharge.
• Long life time.
• Less maintenance requirement.
• High energy storage efficiency.
• Low cost.

Battery manufacturers specify the nominal number of
complete charge and discharge cycles as a function of the
depth-of-discharge (DOD), as shown in Fig. 28.10. While this
information can be used reliably to predict the lifetime of
lead-acid batteries in conventional applications, such as unin-
terruptable power supplies or electric vehicles, it usually results
in an overestimation of the useful life of the battery bank in
renewable energy systems.

Two of the main factors that have been identified as limit-
ing criteria for the cycle life of batteries in PV power systems
are incomplete charging and prolonged operation at a low
state-of-charge (SOC). The objective of improved battery con-
trol strategies is to extend the lifetime of lead-acid batteries
to achieve a typical number of cycles shown in Fig. 28.10. If
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FIGURE 28.10 Nominal number of battery cycles vs DOD.

this is achieved, an optimum solution for the required stor-
age capacity and the maximum DOD of the battery can be
found by referring to manufacturer’s information. Increasing
the capacity will reduce the typical DOD and therefore pro-
long the battery lifetime. Conversely, it may be more economic
to replace a smaller battery bank more frequently.

28.2.3.1.2 PV Charge Controllers Blocking diodes in series
with PV modules are used to prevent the batteries from being
discharged through the PV cells at night when there is no
sun available to generate energy. These blocking diodes also
protect the battery from short circuits. In a solar power system
consisting of more than one string connected in parallel, if a
short circuit occurs in one of the strings, the blocking diode
prevents the other PV strings to discharge through the short-
circuited string.

The battery storage in a PV system should be properly
controlled to avoid catastrophic operating conditions like
overcharging or frequent deep discharging. Storage batteries
account for most PV system failures and contribute signifi-
cantly to both the initial and the eventual replacement costs.
Charge controllers regulate the charge transfer and prevent the
battery from being excessively charged and discharged. Three
types of charge controllers are commonly used:

• Series charge regulators.
• Shunt charge regulators.
• DC–DC converters.

A. A Series Charge Regulators
The basic circuit for the series regulators is given in Fig. 28.11.
In the series charge controller, the switch S1 disconnects the PV
generator when a predefined battery voltage is achieved. When
the voltage reduces below the discharge limit, the load is dis-
connected from the battery to avoid deep discharge beyond the
limit. The main problem associated with this type of controller
is the losses associated with the switches. This extra power loss
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FIGURE 28.11 Series charge regulator.

has to come from the PV power and this can be quite sig-
nificant. Bipolar transistors, metal oxide semi conductor field
effect transistors (MOSFETs), or relays are used as the switches.

B. Shunt Charge Regulators
In this type, as illustrated in Fig. 28.12, when the battery is fully
charged the PV generator is short-circuited using an electronic
switch (S1). Unlike series controllers, this method works more
efficiently even when the battery is completely discharged as
the short-circuit switch need not be activated until the battery
is fully discharged [1].

The blocking diode prevents short-circuiting of the battery.
Shunt-charge regulators are used for the small PV applications
(less than 20 A).

Deep discharge protection is used to protect the battery
against the deep discharge. When the battery voltage reaches
below the minimum set point for deep discharge limit, switch
S2 disconnects the load. Simple series and shunt regulators
allow only relatively coarse adjustment of the current flow and
seldom meet the exact requirements of PV systems.

PV
Panel

Charge
Controller

Battery +

Load

Switch S2

Blocking
Diode

_
S1

FIGURE 28.12 Shunt charge regulator.

C. DC–DC Converter Type Charge Regulators
Switch mode DC-to-DC converters are used to match the out-
put of a PV generator to a variable load. There are various
types of DC–DC converters such as:

• Buck (step-down) converter.
• Boost (step-up) converter.
• Buck–boost (step-down/up) converter.

Figures 28.13–28.15 show simplified diagrams of these three
basic types converters. The basic concepts are an electronic
switch, an inductor to store energy, and a “flywheel” diode,
which carries the current during that part of switching cycle
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FIGURE 28.13 Buck converter.
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FIGURE 28.14 Boost converter.
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FIGURE 28.15 Boost–buck converter.

when the switch is off. The DC–DC converters allow the charge
current to be reduced continuously in such a way that the
resulting battery voltage is maintained at a specified value.

28.2.3.1.3 Maximum Power Point Tracking (MPPT) A con-
troller that tracks the maximum power point locus of the PV
array is known as the MPPT. In Fig. 28.16, the PV power out-
put is plotted against the voltage for insolation levels from 200
to 1000 W/m2 [5]. The points of maximum array power form
a curve termed as the maximum power locus. Due to high
cost of solar cells, it is necessary to operate the PV array at its
maximum power point (MPP). For overall optimal operation
of the system, the load line must match the PV array’s MPP
locus.

Referring to Fig. 28.17, the load characteristics can be either
curve OA or curve OB depending upon the nature of the load
and it’s current and voltage requirements. If load OA is consid-
ered and the load is directly coupled to the solar array, the array
will operate at point A1, delivering only power P1. The max-
imum array power available at the given insolation is P2. In
order to use PV array power P2, a power conditioner coupled
between array and the load is needed.
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There are generally two ways of operating PV modules at
maximum power point. These ways take advantage of analog
and/or digital hardware control to track the MPP of PV arrays.

28.2.3.1.4 Analog Control There are many analog control
mechanisms proposed in different articles. For instance, frac-
tional short-circuit current (ISC ) [6–9], fractional open-circuit
voltage (VOP ) [6, 7, 10–13], and ripple correlation control
(RCC) [14–17].

Fractional open-circuit voltage (VOP ) is one of the simple
analogue control method. It is based on the assumption that
the maximum power point voltage, VMPP , is a linear function
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of the open-circuit voltage, VOC . For example VMPP = kVOC

where k ≈ 0.76. This assumption is reasonably accurate
even for large variations in the cell short-circuit current and
temperature. This type of MPPT is probably the most com-
mon type. A variation to this method involves periodically
open-circuiting the cell string and measuring the open-circuit
voltage. The appropriate value of VMPP can then be obtained
with a simple voltage divider.

28.2.3.1.5 Digital Control There are many digital control
mechanisms that were proposed in different articles. For
instance, perturbation and observation (P&O) or hill climb-
ing [18–23], fuzzy logic [24–28], neural network [18, 29–31],
and incremental conductance (IncCond) [32–35].

The P&O or hill climbing control involves around varying
the input voltage around the optimum value by giving it a small
increment or decrement alternately. The effect on the output
power is then assessed and a further small correction is made
to the input voltage. Therefore, this type of control is called
a hill climbing control. The power output of the PV array is
sampled at an every definite sampling period and compared
with the previous value. In the event, when power is increased
then the solar array voltage is stepped in the same direction as
the previous sample time, but if the power is reduced then the
array voltage is stepped in the opposite way and try to operate
the PV array at its optimum/maximum power point.

To operate the PV array at the MPP, perturb and adjust
method can be used at regular intervals. Current drawn is sam-
pled every few seconds and the resulting power output of the
solar cells is monitored at regular intervals. When an increased
current results in a higher power, it is further increased until
power output starts to reduce. But if the increased PV current
results in lesser amount of power than in the previous sample,
then the current is reduced until the MPP is reached.

28.2.3.2 Inverters for Stand-alone PV Systems
Inverters convert power from DC to AC while rectifiers convert
it from AC to DC. Many inverters are bi-directional, i.e. they
are able to operate in both inverting and rectifying modes.
In many stand-alone PV installations, alternating current is
needed to operate 230 V (or 110 V), 50 Hz (or 60 Hz) appli-
ances. Generally stand-alone inverters operate at 12, 24, 48, 96,
120, or 240 V DC depending upon the power level. Ideally, an
inverter for a stand-alone PV system should have the following
features:

• Sinusoidal output voltage.
• Voltage and frequency within the allowable limits.
• Cable to handle large variation in input voltage.
• Output voltage regulation.
• High efficiency at light loads.

• Less harmonic generation by the inverter to avoid damage
to electronic appliances like television, additional losses,
and heating of appliances.

• Photovoltaic inverters must be able to withstand over-
loading for short term to take care of higher starting
currents from pumps, refrigerators, etc.

• Adequate protection arrangement for over/under-voltage
and frequency, short circuit etc.

• Surge capacity.
• Low idling and no load losses.
• Low battery voltage disconnect.
• Low audio and radio frequency (RF) noise.

Several different semiconductor devices such as metal oxide
semiconductor field effect transistor (MOSFETs) and insu-
lated gate bipolar transistors (IGBTs) are used in the power
stage of inverters. Typically MOSFETs are used in units up to
5 kVA and 96 V DC. They have the advantage of low switch-
ing losses at higher frequencies. Because the on-state voltage
drop is 2 V DC, IGBTs are generally used only above 96 V DC
systems.

Voltage source inverters are usually used in stand-alone
applications. They can be single phase or three phase. There
are three switching techniques commonly used: square wave,
quasi-square wave, and pulse width modulation. Square-wave
or modified square-wave inverters can supply power tools,
resistive heaters, or incandescent lights, which do not require
a high quality sine wave for reliable and efficient operation.
However, many household appliances require low distortion
sinusoidal waveforms. The use of true sine-wave inverters is
recommended for remote area power systems. Pulse width
modulated (PWM) switching is generally used for obtaining
sinusoidal output from the inverters.

A general layout of a single-phase system, both half bridge
and full bridge, is shown in Fig. 28.18. In Fig. 28.18a, single-
phase half bridge is with two switches, S1 and S2, the capacitors
C1 and C2 are connected in series across the DC source. The
junction between the capacitors is at the mid-potential. Voltage
across each capacitor is Vdc /2. Switches S1 and S2 can be
switched on/off periodically to produce AC voltage. Filter (Lf

and Cf ) is used to reduce high-switch frequency components
and to produce sinusoidal output from the inverter. The out-
put of inverter is connected to load through a transformer.
Figure 28.18b shows the similar arrangement for full-bridge
configuration with four switches. For the same input source
voltage, the full-bridge output is twice and the switches carry
less current for the same load power.

The power circuit of a three phase four-wire inverter is
shown in Fig. 28.19. The output of the inverter is connected to
load via three-phase transformer (delta/Y). The star point of
the transformer secondary gives the neutral connection. Three
phase or single phase can be connected to this system. Alter-
natively, a center tap DC source can be used to supply the
converter and the mid-point can be used as the neutral.
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FIGURE 28.18 Single-phase inverter: (a) half bridge and (b) full bridge.
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FIGURE 28.19 A stand-alone three-phase four wire inverter.

Figure 28.20 shows the inverter efficiency for a typical
inverter used in remote area power systems. It is important to
consider that the system load is typically well below the nom-
inal inverter capacity Pnom , which results in low conversion
efficiencies at loads below 10% of the rated inverter output
power. Optimum overall system operation is achieved if the
total energy dissipated in the inverter is minimized. The high
conversion efficiency at low power levels of recently developed
inverters for grid-connected PV systems shows that there is a
significant potential for further improvements in efficiency.

Bi-directional inverters convert DC power to AC power
(inverter) or AC power to DC power (rectifier) and are becom-
ing very popular in remote area power systems [4, 5]. The
principle of a stand-alone single-phase bi-directional inverter
used in a PV/battery/diesel hybrid system can be explained by
referring Fig. 28.21. A charge controller is used to interface
the PV array and the battery. The inverter has a full-bridge
configuration realized using four power electronic switches
(MOSFET or IGBTs) S1–S4. In this scheme, the diagonally
opposite switches (S1, S4) and (S2, S3) are switched using a
sinusoidally PWM gate pulses. The inverter produces sinu-
soidal output voltage. The inductors X1, X2, and the AC output
capacitor C2 filter out the high-switch frequency components
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FIGURE 28.20 Typical inverter efficiency curve.

from the output waveform. Most inverter topologies use a low
frequency (50 or 60 Hz) transformer to step up the inverter
output voltage. In this scheme, the diesel generator and the
converter are connected in parallel to supply the load. The
voltage sources, diesel and inverter, are separated by the link
inductor Xm . The bi-directional power flow between inverter
and the diesel generator can be established.
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FIGURE 28.21 Bi-directional inverter system.

The power flow through the link inductor, Xm , is

Sm = VmI∗m (28.3)

Pm = (VmVc sin δ)/Xm (28.4)

Qm = (Vm/Xm)(Vm − Vc cos δ) (28.5)

δ = sin−1[(XmPm)/(VmVc )] (28.6)

where δ is the phase angle between the two voltages. From
Eq. (28.4), it can be seen that the power supplied by the inverter
from the batteries (inverter mode) or supplied to the batteries
(charging mode) can be controlled by controlling the phase
angle δ. The PWM pulses separately control the amplitude of
the converter voltage, Vc , while the phase angle with respect to
the diesel voltage is varied for power flow.

28.2.3.3 Solar Water Pumping
In many remote and rural areas, hand pumps or diesel driven
pumps are used for water supply. Diesel pumps consume fossil
fuel, affects environment, needs more maintenance, and are
less reliable. Photovoltaic powered water pumps have received
considerable attention recently due to major developments in
the field of solar cell materials and power electronic systems
technology.

28.2.3.3.1 Types of Pumps Two types of pumps are com-
monly used for the water pumping applications: positive and
centrifugal displacement. Both centrifugal and positive dis-
placement pumps can be further classified into those with
motors that are (a) surface mounted and those which are
(b) submerged into the water (“submersible”).

Displacement pumps have water output directly propor-
tional to the speed of the pump, but, almost independent of
head. These pumps are used for solar water pumping from
deep wells or bores. They may be piston type pumps, or use

diaphragm driven by a cam, rotary screw type, or use progres-
sive cavity system. The pumping rate of these pumps is directly
related to the speed and hence constant torque is desired.

Centrifugal pumps are used for low-head applications espe-
cially if they are directly interfaced with the solar panels.
Centrifugal pumps are designed for fixed-head applications
and the pressure difference generated increases in relation to
the speed of pump. These pumps are rotating impeller type,
which throws the water radially against a casing, so shaped that
the momentum of the water is converted into useful pressure
for lifting [4]. The centrifugal pumps have relatively high effi-
ciency but it reduces at lower speeds, which can be a problem
for the solar water pumping system at the time of low light
levels. The single-stage centrifugal pump has just one impeller
whereas most borehole pumps are multistage types where the
outlet from one impeller goes into the center of another and
each one keeps increasing the pressure difference.

From Fig. 28.22, it is quite obvious that the load line is
located relatively faraway from Pmax line. It has been reported
that the daily utilization efficiency for a DC motor drive is
87% for a centrifugal pump compared to 57% for a con-
stant torque characteristics load. Hence, centrifugal pumps are
more compatible with PV arrays. The system operating point is
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FIGURE 28.22 I–V characteristics of a PV array and two mechanical
loads: (a) constant torque and (b) centrifugal pump.
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determined by the intersection of the I–V characteristics of the
PV array and the motor as shown in Fig. 28.22. The torque-
speed slope is normally large due to the armature resistance
being small. At the instant of starting, the speed and the back
emf are zero. Hence the motor starting current is approxi-
mately the short-circuit current of the PV array. By matching
the load to the PV source through MPPT, the starting torque
increases.

The matching of a DC motor depends upon the type of
load being used. For instance, a centrifugal pump is charac-
terized by having the load torque proportional to the square
of speed. The operating characteristics of the system (i.e. PV
source, permanent magnet (PM) DC motor and load) are at
the intersection of the motor and load characteristics as shown
in Fig. 28.23 (i.e. points a, b, c, d, e, and f for centrifugal pump).
From Fig. 28.23, the system utilizing the centrifugal pump as
its load tends to start at low solar irradiation (point a) level.
However, for the systems with an almost constant torque char-
acteristics in Fig. 28.22, the start is at almost 50% of one sun
(full insolation) which results in short period of operation.

28.2.3.3.2 Types of Motors There are various types of
motors available for the PV water pumping applications:

• DC motors.
• AC motors.

DC motors are preferred where direct coupling to PV panels
is desired whereas AC motors are coupled to the solar panels
through inverters. AC motors in general are cheaper than the
DC motors and are more reliable but the DC motors are more

TABLE 28.1 Comparison of the different types of motor used for PV water pumping

Types of motor Advantages Disadvantages Main features

Brushed DC Simple and efficient for PV applications. Brushes need to be replaced periodically
(typical replacement interval is
2000–4000 hr or 2 years).

Requires MPPT for optimum performance.
No complex control circuits is required as

the motor starts without high current
surge.

Available only in small motor sizes.
Increasing current (by paralleling PV

modules) increases the torque.
These motors will run slowly but do not

overheat with reduced voltage.
Increasing voltage (by series PV modules)

increases the speed.

Brush-less DC Efficient.
Less maintenance is required.

Electronic computation adds to extra cost,
complexity, and increased risk of
failure/malfunction.

Growing trend among PV pump
manufacturers to use brush-less DC
motors, primarily for centrifugal type
submersible pumps.In most cases, oil cooled, can’t be

submerged as deep as water cooled AC
units.

AC induction
motors

No brushes to replace. Needs an inverter to convert DC output
from PV to AC adding additional cost
and complexity.

Available for single or three supply.
Can use existing AC motor/pump technology

which is cheaper and easily available
worldwide. These motors can handle larger
pumping requirements.

Inverters are designed to regulate frequency
to maximize power to the motor in
response to changing insolation levels.Less efficient than DC motor-pump units.

Prone to overheating if current is not
adequate to start the motor or if the
voltage is too low.
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FIGURE 28.23 Speed torque characteristics of a DC motor and two
mechanical loads: (a) helical rotor and (b) centrifugal pump.

efficient. The DC motors used for solar pumping applications
are:

• Permanent magnet DC motors with brushes.
• Permanent DC magnet motors without brushes.

In DC motors with the brushes, the brushes are used to
deliver power to the commutator and need frequent replace-
ment due to wear and tear. These motors are not suitable
for submersible applications unless long transmission shafts
are used. Brush-less DC permanent magnet motors have been
developed for submersible applications.

The AC motors are of the induction motor type, which is
cheaper than DC motors and available, worldwide. However,
they need inverters to change DC input from PV to AC power.
A comparison of the different types of motors used for PV
water pumping is given in Table 28.1.
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FIGURE 28.24 Block diagram for DC motor driven pumping scheme.

28.2.3.3.3 Power Conditioning Units for PV Water Pumping
Most PV pump manufacturers include power conditioning
units (PCU) which are used for operating the PV panels close
to their MPP over a range of load conditions and varying
insolation levels and also for power conversion. DC or AC
motor-pump units can be used for PV water pumping. In
its simplest form, a solar water pumping system comprises
of PV array, PCU, and DC water-pump unit as shown in
Fig. 28.24.

In case of lower light levels, high currents can be generated
through power conditioning to help in starting the motor-
pump units especially for reciprocating positive displacement
type pumps with constant torque characteristics, requiring
constant current throughout the operating region. In positive
displacement type pumps, the torque generated by the pumps
depends on the pumping head, friction, and pipe diameter etc.
and needs certain level of current to produce the necessary
torque. Some systems use electronic controllers to assist start-
ing and operation of the motor under low solar radiation. This
is particularly important when using positive displacement
pumps. The solar panels generate DC voltage and current. The
solar water pumping systems usually has DC or AC pumps. For
DC pumps, the PV output can be directly connected to the
pump through MPPT or a DC–DC converter can also be used
for interfacing for controlled DC output from PV panels. To
feed the AC motors, a suitable interfacing is required for the
power conditioning. These PV inverters for the stand-alone
applications are very expensive. The aim of power condi-
tioning equipment is to supply the controlled voltage/current
output from the converters/inverters to the motor-pump
unit.

These power-conditioning units are also used for operating
the PV panels close to their maximum efficiency for fluctu-
ating solar conditions. The speed of the pump is governed by
the available driving voltage. Current lower than the acceptable
limit will stop the pumping. When the light level increases, the
operating point will shift from the MPP leading to the reduc-
tion of efficiency. For centrifugal pumps, there is an increase
in current at increased speed and the matching of I–V char-
acteristics is closer for wide range of light intensity levels. For
centrifugal pumps, the torque is proportional to the square
of speed and the torque produced by the motors is propor-
tional to the current. Due to decrease in PV current output,

the torque from the motor and consequently the speed of the
pump is reduced resulting in decrease in back emf and the
required voltage of the motor. Maximum power point tracker
can be used for controlling the voltage/current outputs from
the PV inverters to operate the PV close to maximum operat-
ing point for the smooth operation of motor-pump units. The
DC–DC converter can be used for keeping the PV panels out-
put voltage constant and help in operating the solar arrays close
to MPP. In the beginning, high starting current is required to
produce high starting torque. The PV panels cannot supply
this high starting current without adequate power condition-
ing equipment like DC–DC converter or by using a starting
capacitor. The DC–DC converter can generate the high start-
ing currents by regulating the excess PV array voltage. DC–DC
converter can be boost or buck converter.

Brush-less DC motor (BDCM) and helical rotor pumps can
also be used for PV water pumping [36]. Brush-less DC motors
are a self synchronous type of motor characteristics by trape-
zoidal waveforms for back emf and air flux density. They can
operate off a low voltage DC supply which is switched through
an inverter to create a rotating stator field. The current gen-
eration of BDCMs use rare earth magnets on the rotor to
give high air gap flux densities and are well suited to solar
application. The block diagram of such an arrangement is
shown in Fig. 28.25 which consists of PV panels, DC–DC
converter, MPPT, and BDCM.

The PV inverters are used to convert the DC output of the
solar arrays to the AC quantity so as to run the AC motors
driven pumps. These PV inverters can be variable frequency
type, which can be controlled to operate the motors over
wide range of loads. The PV inverters may involve impedance
matching to match the electrical characteristics of the load
and array. The motor-pump unit and PV panels operate at
their maximum efficiencies. Maximum power point tracker is
also used in the power conditioning. To keep the voltage sta-
ble for the inverters, the DC–DC converter can be used. The
inverter/converter has a capability of injecting high-switch fre-
quency components, which can lead to the overheating and the
losses. So care shall be taken for this. The PV arrays are usually
connected in series, parallel, or a combination of series parallel,
configurations. The function of power electronic interface, as
mentioned before, is to convert the DC power from the array
to the required voltage and frequency to drive the AC motors.
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FIGURE 28.25 Block diagram for BDCM for PV application.
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FIGURE 28.26 Block diagrams for various AC motor driven pumping schemes.

The motor-pump system load should be such that the array
operates close to it’s MPP at all solar insolation levels. There
are mainly three types solar powered water pumping systems
as shown in Fig. 28.26.

The first system shown in Fig. 28.26a is an imported com-
mercially available unit, which uses a specially wound low
voltage induction motor driven submersible pump. Such a low
voltage motor permits the PV array voltage to be converted to
AC without using a step-up transformer. The second system,
shown in Fig. 28.26b makes use of a conventional “off-the-
shelf” 415 V, 50 Hz, induction motor [6]. This scheme needs
a step-up transformer to raise inverter output voltage to high
voltage. Third scheme as shown in Fig. 28.26c comprises of a
DC–DC converter, an inverter that switches at high frequency,
and a mains voltage motor driven pump. To get the optimum
discharge (Q), at a given insolation level, the efficiency of the
DC–DC converter and the inverter should be high. So the pur-
pose should be to optimize the output from PV array, motor,
and the pump. The principle used here is to vary the duty
cycle of a DC–DC converter so that the output voltage is max-
imum. The DC–DC converter is used to boost the solar array
voltage to eliminate the need for a step-up transformer and
operate the array at the MPP. The three-phase inverter used
in the interface is designed to operate in a variable frequency
mode over the range of 20–50 Hz, which is the practical limit
for most 50 Hz induction motor applications. Block diagram
for frequency control is given in Fig. 28.27.

This inverter would be suitable for driving permanent
magnet motors by incorporating additional circuitry for posi-
tion sensing of the motor’s shaft. Also the inverter could
be modified, if required, to produce higher output frequen-
cies for high-speed permanent magnet motors. The inverter
has a three-phase full-bridge configuration implemented by
MOSFET power transistors.

28.2.4 Hybrid Energy Systems

The combination of RES, such as PV arrays or wind turbines,
with engine-driven generators and battery storage, is widely
recognized as a viable alternative to conventional remote area
power supplies (RAPS). These systems are generally classified
as hybrid energy systems (HES). They are used increasingly
for electrification in remote areas where the cost of grid exten-
sion is prohibitive and the price for fuel increases drastically
with the remoteness of the location. For many applications,
the combination of renewable and conventional energy sources
compares favorably with fossil fuel-based RAPS systems, both
in regard to their cost and technical performance. Because
these systems employ two or more different sources of energy,
they enjoy a very high degree of reliability as compared to
single-source systems such as a stand-alone diesel generator
or a stand-alone PV or wind system. Applications of hybrid
energy systems range from small power supplies for remote
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FIGURE 28.27 Block diagram for voltage/frequency control.

households, providing electricity for lighting and other essen-
tial electrical appliances, to village electrification for remote
communities has been reported [37].

Hybrid energy systems generate AC electricity by com-
bining RES such as PV array with an inverter, which can
operate alternately or in parallel with a conventional engine-
driven generator. They can be classified according to their
configuration as [38]:

• Series hybrid energy systems.
• Switched hybrid energy systems.
• Parallel hybrid energy systems.

The parallel hybrid systems can be further divided to DC
or AC coupling. An overview of the three most common
system topologies is presented by Bower [39]. In the follow-
ing comparison of typical PV-diesel system configurations are
described.

28.2.4.1 Series Configuration
In the conventional series hybrid systems shown in Fig. 28.28,
all power generators feed DC power into a battery. Each com-
ponent has therefore to be equipped with an individual charge
controller and in the case of a diesel generator with a rectifier.

To ensure reliable operation of series hybrid energy systems
both the diesel generator and the inverter have to be sized
to meet peak loads. This results in a typical system opera-
tion where a large fraction of the generated energy is passed
through the battery bank, therefore resulting in increased
cycling of the battery bank and reduced system efficiency. AC
power delivered to the load is converted from DC to regulated
AC by an inverter or a motor generator unit. The power gener-
ated by the diesel generator is first rectified and subsequently
converted back to AC before being supplied to the load, which
incurs significant conversion losses.

The actual load demand determines the amount of electrical
power delivered by the PV array, wind generator, the battery
bank, or the diesel generator. The solar and wind charger pre-
vents overcharging of the battery bank from the PV generator
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Diesel Generator

AC Load

=
~

Battery Charger

Inverter

DC BUS

Solar Charger

=
=

=
~

Wind
Generator

=
Wind Charger

~~~

FIGURE 28.28 Series hybrid energy system.

when the PV power exceeds the load demand and the batter-
ies are fully charged. It may include MPPT to improve the
utilization of the available PV energy, although the energy
gain is marginal for a well-sized system. The system can be
operated in manual or automatic mode, with the addition of
appropriate battery voltage sensing and start/stop control of
the engine-driven generator.

Advantages:

• The engine-driven generator can be sized to be optimally
loaded while supplying the load and charging the battery
bank, until a battery SOC of 70–80% is reached.

• No switching of AC power between the different energy
sources is required, which simplifies the electrical output
interface.

• The power supplied to the load is not interrupted when
the diesel generator is started.

• The inverter can generate a sine-wave, modified square-
wave, or square-wave depending on the application.
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Disadvantages:

• The inverter cannot operate in parallel with the engine-
driven generator, therefore the inverter must be sized to
supply the peak load of the system.

• The battery bank is cycled frequently, which shortens its
lifetime.

• The cycling profile requires a large battery bank to
limit the depth-of-discharge (DOD).

• The overall system efficiency is low, since the diesel
cannot supply power directly to the load.

• Inverter failure results in complete loss of power to the
load, unless the load can be supplied directly from the
diesel generator for emergency purposes.

28.2.4.2 Switched Configuration
Despite its operational limitations, the switched configura-
tion remains one of the most common installations in some
developing countries. It allows operation with either the
engine-driven generator or the inverter as the AC source,
yet no parallel operation of the main generation sources
is possible. The diesel generator and the RES can charge
the battery bank. The main advantage compared with the
series system is that the load can be supplied directly by the
engine-driven generator, which results in a higher overall con-
version efficiency. Typically, the diesel generator power will
exceed the load demand, with excess energy being used to
recharge the battery bank. During periods of low electric-
ity demand the diesel generator is switched off and the load
is supplied from the PV array together with stored energy.
Switched hybrid energy systems can be operated in manual
mode, although the increased complexity of the system makes
it highly desirable to include an automatic controller, which
can be implemented with the addition of appropriate bat-
tery voltage sensing and start/stop control of the engine-driven
generator (Fig. 28.29).
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AC Load
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~

Battery Charger

Inverter

DC BUS

Solar Controller

=
=

=
~

AC BUS

1

2 change-over
switch

FIGURE 28.29 Switched PV-diesel hybrid energy system.

Advantages:

• The inverter can generate a sine-wave, modified square-
wave, or square-wave, depending on the particular
application.

• The diesel generator can supply the load directly, there-
fore improving the system efficiency and reducing the
fuel consumption.

Disadvantages:

• Power to the load is interrupted momentarily when the
AC power sources are transferred.

• The engine-driven alternator and inverter are typically
designed to supply the peak load, which reduces their
efficiency at part load operation.

28.2.4.3 Parallel Configuration
The parallel hybrid system can be further classified as DC
and AC couplings as shown in Fig. 28.30. In both schemes,
a bi-directional inverter is used to link between the battery
and an AC source (typically the output of a diesel genera-
tor). The bi-directional inverter can charge the battery bank
(rectifier operation) when excess energy is available from the
diesel generator or by the renewable sources, as well as act
as a DC–AC converter (inverter operation). The bi-directional
inverter may also provide “peak shaving” as part of a control
strategy when the diesel engine is overloaded. In Fig. 28.30a,
the renewable energy sources (RES) such as photovoltaic and
wind are coupled on the DC side. DC integration of RES
results in “custom” system solutions for individual supply
cases requiring high costs for engineering, hardware, repair,
and maintenance. Furthermore, power system expandability
for covering needs of growing energy and power demand is
also difficult. A better approach would be to integrate the
RES on the AC side rather than on the DC side as shown
in Fig. 28.30b.
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FIGURE 28.30 Parallel PV-diesel hybrid energy system: (a) DC decou-
pling and (b) AC coupling.

Parallel hybrid energy systems are characterized by two sig-
nificant improvements over the series and switched system
configuration.

The inverter plus the diesel generator capacity rather than
their individual component ratings limit the maximum load
that can be supplied. Typically, this will lead to a doubling of
the system capacity. The capability to synchronize the inverter
with the diesel generator allows greater flexibility to optimize
the operation of the system. Future systems should be sized
with a reduced peak capacity of the diesel generator, which
results in a higher fraction of directly used energy and hence
higher system efficiencies.

By using the same power electronic devices for both inverter
and rectifier operation, the number of system components is
minimized. Additionally, wiring and system installation costs
are reduced through the integration of all power-conditioning
devices in one central power unit. This highly integrated sys-
tem concept has advantages over a more modular approach to

system design, but it may prevent convenient system upgrades
when the load demand increases.

The parallel configuration offers a number of potential
advantages over other system configurations. These objectives
can only be met if the interactive operation of the individ-
ual components is controlled by an “intelligent” hybrid energy
management system. Although today’s generation of parallel
systems include system controllers of varying complexity and
sophistication, they do not optimize the performance of the
complete system. Typically, both the diesel generator and the
inverter are sized to supply anticipated peak loads. As a result
most parallel hybrid energy systems do not utilize their capa-
bility of parallel, synchronized operation of multiple power
sources.

Advantages:

• The system load can be met in an optimal way.
• Diesel generator efficiency can be maximized.
• Diesel generator maintenance can be minimized.
• A reduction in the rated capacities of the diesel generator,

battery bank, inverter, and renewable resources is feasible,
while also meeting the peak loads.

Disadvantages:

• Automatic control is essential for the reliable operation
of the system.

• The inverter has to be a true sine-wave inverter with the
ability to synchronize with a secondary AC source.

• System operation is less transparent to the untrained user
of the system.

28.2.4.4 Control of Hybrid Energy Systems
The design process of hybrid energy systems requires
the selection of the most suitable combination of energy
sources, power-conditioning devices, and energy storage sys-
tem together with the implementation of an efficient energy
dispatch strategy. System simulation software is an essential
tool to analyze and compare possible system combinations.
The objective of the control strategy is to achieve optimal
operational performance at the system level. Inefficient opera-
tion of the diesel generator and “dumping” of excess energy is
common for many RAPS, operating in the field. Component
maintenance and replacement contributes significantly to the
lifecycle cost of systems. These aspects of system operation are
clearly related to the selected control strategy and have to be
considered in the system design phase.

Advanced system control strategies seek to reduce the num-
ber of cycles and the DOD for the battery bank, run the diesel
generator in its most efficient operating range, maximize the
utilization of the renewable resource, and ensure high relia-
bility of the system. Due to the varying nature of the load
demand, the fluctuating power supplied by the photovoltaic
generator, and the resulting variation of battery SOC, the
hybrid energy system controller has to respond to continuously
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FIGURE 28.31 Operating modes for a PV single-diesel hybrid energy system.

changing operating conditions. Figure 28.31 shows different
operating modes for a PV single-diesel system using a typical
diesel dispatch strategy.

Mode (I): The base load, which is typically experienced at night-
time and during the early morning hours, is supplied by
energy stored in the batteries. Photovoltaic power is not
available and the diesel generator is not started.

Mode (II): PV power is supplemented by stored energy to meet
the medium load demand.

Mode (III): Excess energy is available from the PV generator,
which is stored in the battery. The medium load demand is
supplied from the PV generator.

Mode (IV): The diesel generator is started and operated at its
nominal power to meet the high evening load. Excess energy
available from the diesel generator is used to recharge the
batteries.

Mode (V): The diesel generator power is insufficient to meet the
peak load demand. Additional power is supplied from the
batteries by synchronizing the inverter AC output voltage
with the alternator waveform.

Mode (VI): The diesel generator power exceeds the load demand,
but it is kept operational until the batteries are recharged
to a high SOC level.

In principle, most efficient operation is achieved if the gen-
erated power is supplied directly to the load from all energy
sources, which also reduces cycling of the battery bank. How-
ever, since diesel generator operation at light loads is inherently
inefficient, it is common practice to operate the engine-driven
generator at its nominal power rating and to recharge the
batteries from the excess energy. The selection of the most
efficient control strategy depends on fuel, maintenance and
component replacement cost, the system configuration, envi-
ronmental conditions, as well as constraints imposed on the
operation of the hybrid energy system.

28.2.5 Grid-connected PV Systems

The utility interactive inverters not only conditions the power
output of the PV arrays but ensures that the PV system out-
put is fully synchronized with the utility power. These systems
can be battery less or with battery backup. Systems with bat-
tery storage (or flywheel) provide additional power supply
reliability. The grid connection of PV systems is gathering
momentum because of various rebate and incentive schemes.
This system allows the consumer to feed its own load utiliz-
ing the available solar energy and the surplus energy can be
injected into the grid under the energy by back scheme to
reduce the payback period. Grid-connected PV systems can
become a part of the utility system. The contribution of solar
power depends upon the size of system and the load curve
of the house. When the PV system is integrated with the
utility grid, a two-way power flow is established. The util-
ity grid will absorb excess PV power and will feed the house
during nighttime and at instants while the PV power is inad-
equate. The utility companies are encouraging this scheme in
many parts of the world. The grid-connected system can be
classified as:

• Rooftop application of grid-connected PV system.
• Utility scale large system.

For small household PV applications, a roof mounted PV
array can be the best option. Solar cells provide an environ-
mentally clean way of producing electricity, and rooftops have
always been the ideal place to put them. With a PV array
on the rooftop, the solar generated power can supply resi-
dential load. The rooftop PV systems can help in reducing
the peak summer load to the benefit of utility companies by
feeding the household lighting, cooling, and other domestic
loads. The battery storage can further improve the reliability
of the system at the time of low insolation level, nighttime,
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or cloudy days. But the battery storage has some inherent
problems like maintenance and higher cost.

For roof-integrated applications, the solar arrays can be
either mounted on the roof or directly integrated into the roof.
If the roof integration does not allow for an air channel behind
the PV modules for ventilation purpose, then it can increase
the cell temperature during the operation consequently lead-
ing to some energy losses. The disadvantage with the rooftop
application is that the PV array orientation is dictated by the
roof. In case, when the roof orientation differs from the opti-
mal orientation required for the cells, then efficiency of the
entire system would be suboptimal.

Utility interest in PV has centered on the large grid-
connected PV systems. In Germany, USA, Spain, and in several
other parts of the world, some large PV scale plants have been
installed. The utilities are more inclined with large scale, cen-
tralized power supply. The PV systems can be centralized or
distributed systems.

Grid-connected PV systems must observe the islanding sit-
uation, when the utility supply fails. In case of islanding, the
PV generators should be disconnected from mains. PV genera-
tors can continue to meet only the local load, if the PV output
matches the load. If the grid is re-connected during islanding,
transient overcurrents can flow through the PV system invert-
ers and the protective equipments like circuit breakers may
be damaged. The islanding control can be achieved through
inverters or via the distribution network. Inverter controls
can be designed on the basis of detection of grid voltage,
measurement of impedance, frequency variation, or increase
in harmonics. Protection shall be designed for the islanding,
short circuits, over/under-voltages/currents, grounding, and
lightening, etc.

The importance of the power generated by the PV system
depends upon the time of the day specially when the utility is
experiencing the peak load. The PV plants are well suited to
summer peaking but it depends upon the climatic condition
of the site. PV systems being investigated for use as peaking
stations would be competitive for load management. The PV
users can defer their load by adopting load management to
get the maximum benefit out of the grid-connected PV plants
and feeding more power into the grid at the time of peak
load.

The assigned capacity credit is based on the statistical prob-
ability with which the grid can meet peak demand [4]. The
capacity factor during the peaks is very similar to that of con-
ventional plants and similar capacity credit can be given for
the PV generation except at the times when the PV plants
are generating very less power unless adequate storage is pro-
vided. With the installation of PV plants, the need of extra
transmission lines, transformers can be delayed or avoided.
The distributed PV plants can also contribute in providing
reactive power support to the grid and reduce burden on VAR
compensators.

28.2.5.1 Inverters for Grid-connected Applications
Power conditioner is the key link between the PV array and
mains in the grid-connected PV system. It acts as an interface
that converts DC current produced by the solar cells into util-
ity grade AC current. The PV system behavior relies heavily
on the power-conditioning unit. The inverters shall produce
good quality sine-wave output. The inverter must follow the
frequency and voltage of the grid and the inverter has to extract
maximum power from the solar cells with the help of MPPT
and the inverter input stage varies the input voltage until the
MPP on the I–V curve is found. The inverter shall monitor
all the phases of the grid. The inverter output shall be con-
trolled in terms of voltage and frequency variation. A typical
grid-connected inverter may use a PWM scheme and operates
in the range of 2–20 kHz.

28.2.5.2 Inverter Classifications
The inverters used for the grid interfacing are broadly classi-
fied as:

• Voltage source inverters (VSI).
• Current source inverters (CSI).

Whereas the inverters based on the control schemes can be
classified as:

• Current controlled (CC).
• Voltage controlled (VC).

The source is not necessarily characterized by the energy
source for the system. It is a characteristic of the topology of
the inverter. It is possible to change from one source type to
another source type by the addition of passive components.
In the voltage source inverter (VSI), the DC side is made to
appear to the inverter as a voltage source. The VSIs have a
capacitor in parallel across the input whereas the CSIs have
an inductor is series with the DC input. In the CSI, the DC
source appears as a current source to the inverter. Solar arrays
are fairly good approximation to a current source. Most PV
inverters are voltage source even though the PV is a current
source. Current source inverters are generally used for large
motor drives though there have been some PV inverters built
using a current source topology. The VSI is more popular with
the PWM VSI dominating the sine-wave inverter topologies.

Figure 28.32a shows a single-phase full-bridge bi-directional
VSI with (a) voltage control and phase-shift (δ) control –
voltage-controlled voltage source inverter (VCVSI). The active
power transfer from the PV panels is accomplished by con-
trolling the phase angle δ between the converter voltage and
the grid voltage. The converter voltage follows the grid volt-
age. Figure 28.32b shows the same VSI operated as a current
controlled (CCVSI). The objective of this scheme is to control
active and reactive components of the current fed into the grid
using PWM techniques.
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FIGURE 28.32 Voltage source inverter: (a) voltage control and (b) cur-
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28.2.5.3 Inverter Types
Different types are being in use for the grid-connected PV
applications such as:

• Line-commutated inverter.
• Self-commutated inverter.
• Inverter with high-frequency transformer.

28.2.5.3.1 Line-commutated Inverter The line-commutated
inverters are generally used for the electric motor applications.
The power stage is equipped with thyristors. The maximum

PV Array

Vdc 240 Vac

+

−

Grid

FIGURE 28.33 Line-commuted single-phase inverter.

power tracking control is required in the control algorithm for
solar application. The basic diagram for a single-phase line-
commutated inverter is shown in the Fig. 28.33 [3].

The driver circuit has to be changed to shift the firing angle
from the rectifier operation (0 < φ < 90) to inverter operation
(90 < φ < 180). Six-pulse or 12-pulse inverter are used for the
grid interfacing but 12-pulse inverters produce less harmon-
ics. The thysistor type inverters require a low impedance grid
interface connection for commutation purpose. If the maxi-
mum power available from the grid connection is less than
twice the rated PV inverter power, then the line-commutated
inverter should not be used [3]. The line-commutated invert-
ers are cheaper but inhibits poor power quality. The harmonics
injected into the grid can be large unless taken care of by
employing adequate filters. These line-commutated inverters
also have poor power factor, poor power quality, and need
additional control to improve the power factor. Transformer
can be used to provide the electrical isolation. To suppress
the harmonics generated by these inverters, tuned filters are
employed and reactive power compensation is required to
improve the lagging power factor.

28.2.5.3.2 Self-commutated Inverter A switch mode inverter
using pulse width modulated (PWM) switching control, can be
used for the grid connection of PV systems. The basic block
diagram for this type of inverter is shown in the Fig. 28.34.
The inverter bridges may consist of bipolar transistors, MOS-
FET transistors, IGBT’s, or gate turn-off thyristor’s (GTO’s),
depending upon the type of application. GTO’s are used for
the higher power applications, whereas IGBT’s can be switched
at higher frequencies i.e. 16 kHz, and are generally used for
many grid-connected PV applications. Most of the present day
inverters are self-commutated sine-wave inverters.

Based on the switching control, the voltage source inverters
can be further classified based on the switching control as:

• PWM (pulse width modulated) inverters.
• Square-wave inverters.
• Single-phase inverters with voltage cancellations.
• Programmed harmonic elimination switching.
• Current controlled modulation.
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FIGURE 28.35 PV inverter with high frequency transformer.

28.2.5.3.3 Inverter with High-frequency Transformer The
50 Hz transformer for a standard PV inverter with PWM
switching scheme can be very heavy and costly. While using
frequencies more than 20 kHz, a ferrite core transformer can
be a better option [3]. A circuit diagram of a grid-connected
PV system using high frequency transformer is shown in the
Fig. 28.35.

The capacitor on the input side of high frequency inverter
acts as the filter. The high frequency inverter with PWM is
used to produce a high frequency AC across the primary wind-
ing of the high frequency transformer. The secondary voltage
of this transformer is rectified using high frequency rectifier.
The DC voltage is interfaced with a thyristor inverter through
low-pass inductor filter and hence connected to the grid. The
line current is required to be sinusoidal and in phase with
the line voltage. To achieve this, the line voltage (V1) is mea-
sured to establish the reference waveform for the line current
I∗L . This reference current I∗L multiplied by the transformer
ratio gives the reference current at the output of high fre-
quency inverter. The inverter output can be controlled using
current control technique [40]. These inverters can be with
low frequency transformer isolation or high frequency trans-
former isolation. The low frequency (50/60 Hz) transformer
of a standard inverter with PWM is a very heavy and bulky
component. For residential grid interactive rooftop inverters
below 3 kW rating, high frequency transformer isolation is
often preferred.

28.2.5.3.4 Other PV Inverter Topologies In this section,
some of the inverter topologies discussed in various research
papers have been discussed.

A. Multilevel Converters
Multilevel converters can be used with large PV systems where
multiple PV panels can be configured to create voltage steps.
These multilevel voltage-source converters can synthesize the
AC output terminal voltage from different level of DC voltages
and can produce staircase waveforms. This scheme involves
less complexity, and needs less filtering. One of the schemes
(half-bridge diode-clamped three level inverter [41]) is given
in Fig. 28.36. There is no transformer in this topology. Mul-
tilevel converters can be beneficial for large systems in terms
of cost and efficiency. Problems associated with shading and
malfunction of PV units need to be addressed.

B. Non-insulated Voltage Source
In this scheme [42], string of low voltage PV panels or one
high-voltage unit can be coupled with the grid through DC
to DC converter and voltage-source inverter. This topology is
shown in Fig. 28.37. PWM-switching scheme can be used to
generate AC output. Filter has been used to reject the switching
components.
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FIGURE 28.36 Half-bridge diode-clamped three-level inverter.

C. Non-insulated Current Source
This type of configuration is shown in Fig. 28.38. Non-
insulated current-source inverters [42] can be used to interface
the PV panels with the grid. This topology involves low cost
which can provide better efficiency. Appropriate controller can
be used to reduce current harmonics.

D. Buck Converter with Half-bridge Transformer Link
PV panels are connected to grid via buck converter and
half bridge as shown in Fig. 28.39. In this, high-frequency
PWM switching has been used at the low-voltage PV side
to generate an attenuated rectified 100 Hz sine-wave current
waveform [43]. Half-wave bridge is utilized to convert this out-
put to 50 Hz signal suitable for grid interconnection. To step
up the voltage, transformer has also been connected before the
grid connection point.

E. Flyback Converter
This converter topology steps up the PV voltage to DC
bus voltage. Pulse width modulation operated converter has
been used for grid connection of PV system (Fig. 28.40).
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FIGURE 28.37 Non-insulated voltage source.

This scheme is less complex and has less number of switches.
Flyback converters can be beneficial for remote areas due to
less complex power conditioning components.

F. Interface Using Paralleled PV Panels
Low voltage AC bus scheme [44] can be comparatively efficient
and cheaper option. One of the schemes is shown in Fig. 28.41.
A number of smaller PV units can be paralleled together
and then connected to combine single low-frequency trans-
former. In this scheme, the PV panels are connected in parallel
rather than series to avoid problems associated with shading
or malfunction of one of the panels in series connection.

28.2.5.4 Power Control through PV Inverters
The system shown in Fig. 28.42 shows control of power flow on
to the grid [45]. This control can be an analog or a micropro-
cessor system. This control system generates the waveforms
and regulates the waveform amplitude and phase to con-
trol the power flow between the inverter and the grid. The
grid-interfaced PV inverters, voltage-controlled VSI (VCVSI),
or current-controlled VSI (CCVSI) have the potential of bi-
directional power flow. They cannot only feed the local load
but also can export the excess active and reactive power
to the utility grid. An appropriate controller is required in
order to avoid any error in power export due to errors in
synchronization, which can overload the inverter.

There are advantages and limitations associated with each
control mechanism. For instance, VCVSIs provide voltage sup-
port to the load (here the VSI operates as a voltage source),
while CCVSIs provide current support (here the VSI operates
as a current source). The CCVSI is faster in response compared
to the VCVSI, as its power flow is controlled by the switching
instant, whereas in the VCVSI the power flow is controlled
by adjusting the voltage across the decoupling inductor. Active
and reactive power are controlled independently in the CCVSI,
but are coupled in the VCVSI. Generally, the advantages of
one type of VSI are considered as a limitation of the other
type [46].
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FIGURE 28.38 Non-insulated current source.
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FIGURE 28.40 Flyback converter.

Figure 28.43 shows the simplified/equivalent schematic dia-
gram of a VCVSI. For the following analysis it is assumed
that the output low-pass filters (Lf and Cf ) of VSIs will filter
out high-order harmonics generated by PWMs. The decou-
pling inductor (Xm) is an essential part of any VCVSI as it
makes the power flow control possible. In a VCVSI, the power
flow of the distributed generation system (DGS) is controlled
by adjusting the amplitude and phase (power angle (δ)) of
the inverter output voltage with respect to the grid voltage.
Hence, it is important to consider the proper sizing of the
decoupling inductor and the maximum power angle to provide
the required power flow when designing VCVSIs. The phasor

diagram of a simple grid-inverter interface with a first-order
filter are shown in Fig. 28.44.

Referring to Fig. 28.43, the fundamental grid current (Ig )
can be expressed by Eq. (28.7):

Ig = Vg < 0− Vc < δ

jXm
= −Vc sin δ

Xm
− j

Vg − Vc cos δ

Xm

(28.7)

where Vg and Vc are respectively the grid and the VCVSI’s
fundamental voltages, and Xm is the decoupling induc-
tor impedance. Using per unit values (Sbase = V 2

base /Zbase ,
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FIGURE 28.42 Schematic diagram of a parallel processing DGS.
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FIGURE 28.43 The equivalent circuit diagram of a VCVSI.

Vbase = Vc , and Zbase = Xm) where Vbase , Zbase , and Sbase

are the base voltage, impedance and complex power values
respectively. The grid apparent power can be expressed as
Eq. (28.8).

Sgpu = −Vgpu sin δ+ j(V 2
gpu − Vgpu cos δ) (28.8)

Using per unit values, the complex power of the VCVSI and
decoupling inductor are

Scpu = −Vgpu sin δ+ j(Vgpu cos δ− 1) (28.9)

Sxpu = j(V 2
gpu − 2Vgpu cos δ+ 1) (28.10)

where Sgpu , Scpu , and Sxpu are per unit values of the grid,
VCVSI, and decoupling inductor apparent power respectively,
and Vgpu is the per unit value of the grid voltage.

Figure 28.45 shows the equivalent schematic diagram of a
CCVSI. As a CCVSI controls the current flow using the VSI
switching instants, it can be modeled as a current source and
there is no need for a decoupling inductor (Fig. 28.45). As
the current generated from the CCVSI can be controlled inde-
pendently from the AC voltage, the active and reactive power
controls are decoupled. Hence, unity power factor operation
is possible for the whole range of the load. This is one of the
main advantages of CCVSIs.

As the CCVSI is connected in parallel to the DGS, it follows
the grid voltage. Figure 28.46 shows the phasor diagram of a
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FIGURE 28.44 Phasor diagram of a VCVSI with resistive load and assuming the grid is responsible for supplying the active power [46].
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FIGURE 28.45 The equivalent circuit of a CCVSI.
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FIGURE 28.46 Phasor diagram of a CCVSI with inductive load and
assuming grid is responsible for supplying the active power [46].

CCVSI based DGS in the presence of an inductive load (con-
sidering the same assumption as VCVSI section). Figure 28.49
shows that when the grid voltage increases, the load’s active
power consumption, which supplied by the grid increases and
the CCVSI compensates the increase in the load reactive power
demand. In this case, the CCVSI maintains grid supply at unity
power factor, keeping the current phase delay with respect to
the grid voltage at a fixed value (θ). Therefore, the CCVSI can-
not maintain the load voltage in the presence of a DGS without

utilizing extra hardware and control mechanisms. This limita-
tion on load voltage stabilization is one of the main drawbacks
of CCVSI based DGS.

Assuming the load active current demand is supplied by
the grid (reactive power support function), the required grid
current can be rewritten as follows

I∗g = Re [IL] = Re

[
SL

Vg

]
(28.11)

where, SL is the demanded load apparent power. For grid
power conditioning, it is preferred that the load operate at
unity power factor. Therefore, the CCVSI must provide the
remainder of the required current Eq. (28.12)

Ic = IL − I∗g (28.12)

For demand side management (DSM), it is desirable to
supply the active power by the RES, where excess energy from
the RES is injected into the DGS. The remaining load reactive
power will be supplied by the CCVSI. Hence Eq. (28.12) can
be rewritten as Eq. (28.13).

I∗g = Re [IL]− Re [Ic ] = Re

[
SL − PRES

Vg

]
(28.13)

When using a voltage controller for grid-connected PV
inverter, it has been observed that a slight error in the phase
of synchronizing waveform can grossly overload the inverter
whereas a current controller is much less susceptible to voltage
phase shifts [45]. Due to this reason, the current controllers
are better suited for the control of power export from the PV
inverters to the utility grid since they are less sensitive to errors
in synchronizing sinusoidal voltage waveforms.
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A prototype current-controlled type power conditioning
system has been developed by the first author and tested on
a weak rural feeder line at Kalbarri in Western Australia [47].
The choice may be between additional conventional generating
capacity at a centralized location or adding smaller distributed
generating capacities using RES like PV. The latter option can
have a number of advantages like:

• The additional capacity is added wherever it is required
without adding additional power distribution infrastruc-
ture. This is a critical consideration where the power
lines and transformers are already at or close to their
maximum ratings.

• The power conditioning system can be designed to pro-
vide much more than just a source of real power, for
minimal extra cost. A converter providing real power
needs only a slight increase in ratings to handle signif-
icant amounts of reactive or even harmonic power. The
same converter that converts DC PV power to AC power
can simultaneously provide the reactive power support to
the week utility grid.

The block diagram of the power conditioning system used
in the Kalbarri project has been shown in the Fig. 28.47. This
CCVSI operates with a relatively narrow switching frequency
band near 10 kHz. The control diagram indicates the basic
operation of the power conditioning system. The two outer
control loops operate to independently control the real and
reactive power flow from the PV inverter. The real power is
controlled by an outer MPPT algorithm with an inner DC
link voltage control loop providing the real current magni-
tude request I∗p and hence the real power export through PV
converter is controlled through the DC link voltage regula-
tion. The DC link voltage is maintained at a reference value
by a PI control loop, which gives the real current reference
magnitude as it’s output. At regular intervals, the DC link volt-
age is scanned over the entire voltage range to check that the
algorithm is operating on the absolute MPP and is not stuck
around a local MPP. During the night, the converter can still be

S1S3S5

S2S4S6

Vdc

MPPT
control

Real
current control

CC-VSI with
ZACE control

Reactive
current
control

RMS
20 kW
PV Array 

180−380
Vdc

Vdc*

IP* IQ*
Iac*

Vac*

415Vac

FIGURE 28.47 Block diagram of Kalbarri power conditioning system.

used to regulate reactive power of the grid-connected system
although it cannot provide active power. During this time, the
PI controller maintain a minimum DC link voltage to allow the
power conditioning system to continue to operate, providing
the necessary reactive power.

The AC line voltage regulation is provided by a separate
reactive power control, which provides the reactive current
magnitude reference I∗Q . The control system has a simple trans-
fer function, which varies the reactive power command in
response to the AC voltage fluctuations. Common to the outer
real and reactive power control loops is an inner higher band-
width zero average current error (ZACE) current control loop.
I∗p is in phase with the line voltages, and I∗Q is at 90◦ to the line
voltage. These are added together to give one (per phase) sinu-
soidal converter current reference waveform (I∗ac ). The CCVSI
control consists of analog and digital circuitry which acts as
a ZACE transconductance amplifier in converting I∗ac into AC
power currents [48].

28.2.5.5 System Configurations
The utility compatible inverters are used for power condition-
ing and synchronization of PV output with the utility power.
In general, four types of battery-less grid-connected PV system
configurations have been identified:

• Central plant inverter.
• Multiple string DC/DC converter with single output

inverter.
• Multiple string inverter.
• Module integrated inverter.

28.2.5.5.1 Central Plant Inverter In the central plant
inverter, usually a large inverter is used to convert DC power
output of PV arrays to AC power. In this system, the PV mod-
ules are serially stringed to form a panel (or string) and several
such panels are connected in parallel to a single DC bus. The
block diagram of such a scheme is shown in Fig. 28.48.
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FIGURE 28.48 Central plant inverter.
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FIGURE 28.49 Multiple string DC/DC converter.

28.2.5.5.2 Multiple String DC/DC Converter In multiple
string DC/DC converter, as shown in Fig. 28.49, each string
will have a boost DC/DC converter with transformer iso-
lation. There will be a common DC link, which feeds a
transformer-less inverter.

28.2.5.5.3 Multiple String Inverters Figure 28.50 shows the
block diagram of multiple string inverter system. In this
scheme, several modules are connected in series on the DC
side to form a string. The output from each string is converted
to AC through a smaller individual inverter. Many such invert-
ers are connected in parallel on the AC side. This arrangement
is not badly affected by the shading of the panels. It is also not
seriously affected by inverter failure.

String 1

String 2

String 3

MPPT Inverter
Grid

=
=

=
=

=
=

=
~

=
~

=
~

FIGURE 28.50 Multiple string inverter.

28.2.5.5.4 Module Integrated Inverter In the module inte-
grated inverter system (Fig. 28.51), each module (typically
50–300 W) will have a small inverter. No cabling is required.
It is expected that high volume of small inverters will bring
down the cost.

28.2.5.6 Grid-compatible Inverters Characteristics
The characteristics of the grid-compatible inverters are:

• Response time.
• Power factor.
• Frequency control.
• Harmonic output.
• Synchronization.
• Fault current contribution.
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FIGURE 28.51 Module integrated inverter.

• DC current injection.
• Protection.

The response time of the inverters shall be extremely fast
and governed by the bandwidth of the control system. Absence
of rotating mass and use of semiconductor switches allow
inverters to respond in millisecond time frame. The power fac-
tor of the inverters is traditionally poor due to displacement
power factor and the harmonics. But with the latest devel-
opment in the inverter technology, it is possible to maintain
the power factor close to unity. The converters/inverters have
the capability of creating large voltage fluctuation by drawing
reactive power from the utility rather than supplying [49].
With proper control, inverters can provide voltage support
by importing/exporting reactive power to push/pull towards
a desired set point. This function would be of more use to the
utilities as it can assist in the regulation of the grid system at
the domestic consumer level.

Frequency of the inverter output waveshape is locked to the
grid. Frequency bias is where the inverter frequency is deliber-
ately made to run at 53 Hz. When the grid is present, this will
be pulled down to the nominal 50 Hz. If the grid fails, it will
drift upwards towards 53 Hz and trip on over frequency. This
can help in preventing islanding.

Harmonics output from the inverters have been very poor
traditionally. Old thyristor-based inverters are operated with
slow switching speeds and could not be pulse width mod-
ulated. This resulted in inverters known as six-pulse or
twelve-pulse inverters. The harmonics so produced from the
inverters can be injected into the grid, resulting in losses, heat-
ing of appliances, tripping of protection equipments, and poor
power quality. The number of pulses being the number of steps
in a sine-wave cycle. With the present advent in the power
electronics technology, the inverter controls can be made very
good. Pulse width modulated inverters produce high quality
sine waves. The harmonic levels are very low, and can be lower
than the common domestic appliances. If the harmonics are
present in the grid voltage waveform, harmonic currents can

be induced in the inverter. These harmonic currents, partic-
ularly those generated by a voltage-controlled inverter, will in
fact help in supporting the grid. These are good harmonic cur-
rents. This is the reason that the harmonic current output of
inverters must be measured onto a clean grid source so that the
only harmonics being produced by the inverters are measured.

Synchronization of inverter with the grid is performed auto-
matically and typically uses zero crossing detection on the
voltage waveform. An inverter has no rotating mass and hence
has no inertia. Synchronization does not involve the accel-
eration of a rotating machine. Consequently the reference
waveforms in the inverter can be jumped to any point required
within a sampling period. If phase-locked loops are used, it
could take up a few seconds. Phase-locked loops are used to
increase the immunity to noise. This allows the synchroniza-
tion to be based on several cycles of zero crossing information.
The response time for this type of locking will be slower.

Photovoltaic panels produce a current that is proportional
to the amount of light falling on them. The panels are normally
rated to produce 1000 W/m2 at 25◦ C. Under these conditions,
the short-circuit current possible from these panels is typi-
cally only 20% higher than the nominal current whereas it is
extremely variable for wind. If the solar radiation is low then
the maximum current possible under short-circuit is going to
be less than the nominal full load current. Consequently PV
systems cannot provide the short-circuit capacity to the grid.
If a battery is present, the fault current contribution is lim-
ited by the inverter. With the battery storage, it is possible for
the battery to provide the energy. However, inverters are typi-
cally limited between 100 and 200% of nominal rating under
current limit conditions. The inverter needs to protect itself
against the short circuits because the power electronic com-
ponents will typically be destroyed before a protection device
like circuit breaker trips.

In case of inverter malfunction, inverters have the capability
to inject the DC components into the grid. Most utilities have
guidelines for this purpose. A transformer shall be installed at
the point of connection on the AC side to prevent DC from
being entering into the utility network. The transformer can be
omitted when a DC detection device is installed at the point of
connection on the AC side in the inverter. The DC injection is
essentially caused by the reference or power electronics device
producing a positive half cycle that is different from the neg-
ative half cycle resulting in the DC component in the output.
If the DC component can be measured, it can then be added
into the feedback path to eliminate the DC quantity.

28.2.5.6.1 Protection Requirements A minimum require-
ment to facilitate the prevention of islanding is that the inverter
energy system protection operates and isolates the inverter
energy system from the grid if:

• Over voltage.
• Under voltage.
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• Over frequency.
• Under frequency exists.

These limits may be either factory set or site programmable.
The protection voltage operating points may be set in a nar-
rower band if required, e.g. 220–260 V. In addition to the
passive protection detailed above, and to prevent the situ-
ation where islanding may occur because multiple inverters
provide a frequency reference for one another, inverters must
have an accepted active method of islanding prevention follow-
ing grid failure, e.g. frequency drift, impedance measurement,
etc. Inverter controls for islanding can be designed on the basis
of detection of grid voltage, measurement of impedance, fre-
quency variation, or increase in harmonics. This function must
operate to force the inverter output outside the protection tol-
erances specified previously, thereby resulting in isolation of
the inverter energy system from the grid. The maximum com-
bined operation time of both passive and active protections
should be 2 s after grid failure under all local load conditions.
If frequency shift is used, it is recommended that the direction
of shift be down. The inverter energy system must remain dis-
connected from the grid until the reconnection conditions are
met. Some inverters produce high voltage spikes, especially at
light load, which can be dangerous for the electronic equip-
ment. IEEE P929 gives some idea about the permitted voltage
limits.

If the inverter energy system does not have the above fre-
quency features, the inverter must incorporate an alternate
anti-islanding protection feature that is acceptable to the rel-
evant electricity distributor. If the protection function above
is to be incorporated in the inverter it must be type tested for
compliance with these requirements and accepted by the rele-
vant electricity distributor. Otherwise other forms of external
protection relaying are required which have been type tested
for compliance with these requirements and approved by the
relevant electricity distributor. The inverter shall have adequate
protection against short circuit, other faults, and overheating
of inverter components.

28.3 Power Electronics for Wind
Power Systems

In rural USA, the first wind mill was commissioned in 1890 to
generate electricity. Today, large wind generators are competing
with utilities in supplying clean power economically. The aver-
age wind turbine size has been 300–600 kW until recently. The
new wind generators of 1–3 MW have been developed and are
being installed worldwide, and prototype of even higher capac-
ity is under development. Improved wind turbine designs and
plant utilization have resulted in significant reduction in wind
energy generation cost from 35 cents per kWh in 1980 to less
than 5 cents per kWh in 1999, in locations where wind regime
is favorable. At this generation cost, wind energy has become

one of the least cost power sources. Main factors that have
contributed to the wind power technology development are:

• High strength fiber composites for manufacturing large
low-cost blades.

• Variable speed operation of wind generators to capture
maximum energy.

• Advancement in power electronics and associated cost.
• Improved plant operation and efficiency.
• Economy of scale due to availability of large wind

generation plants.
• Accumulated field experience improving the capacity

factor.
• Computer prototyping by accurate system modeling and

simulation.

The Table 28.2 is for wind sites with average annual wind
speed of 7 m/s at 30 m hub height. Since 1980s, wind technol-
ogy capital costs have reduced by 80% worldwide. Operation
and maintenance costs have declined by 80% and the avail-
ability factor of grid-connected wind plants has increased to
95%. At present, the capital cost of wind generator plants has
dropped to about $600 per kW and the electricity generation
cost has reduced to 6 cents per kWh. It is expected to reduce
the generation cost below 4 cents per kWh. Keeping this in
view, the wind generation is going to be highly competitive
with the conventional power plants. In Europe, USA, and Asia
the wind power generation is increasing rapidly and this trend
is going to continue due to economic viability of wind power
generation.

TABLE 28.2 Wind power technology developments

1980 1999 Future

Cost per kWh $0.35–0.40 $0.05–0.07 <$0.04
Capital cost per kW $2000–3000 $500–700 <$400
Operating life 5–7 Years 20 Years 30 Years
Capacity factor (average) 15% 25–30% >30%
Availability 50–65% 95% >95%
Wind turbine unit size

range
50–150 kW 300–1000 kW 500–2000 kW

The technical advancement in power electronics is play-
ing an important part in the development of wind power
technology. The contribution of power electronics in control
of fixed speed/variable speed wind turbines and interfac-
ing to the grid is of extreme importance. Because of the
fluctuating nature of wind speed, the power quality and
reliability of the wind based power system needs to be eval-
uated in detail. Appropriate control schemes require power
conditioning.
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