. Renewable
- 4 Energy |
o Systems

Design and Analysis
With Induction Generators

| M.deoy Simoss
Felix A.Farret



RENEWABLE
ENERGY
SYSTEMS

Design and Analysis
with Induction Generators

M. Godoy Simoes
Felix A. Earret

CRC PRESS

Boca Raton London New York Washington, D.C.




Library of Congress Cataloging-in-Publication Data

Simdes, Marcelo Godoy.

Renewable energy systems: design and analysis with induction generators / M. Godoy
Simdes and Felix A. Farret.

p. cm. — (Power electronics and applications series)
Includes bibliographical references and index.
ISBN 0-8493-2031-3 (alk. paper)
1. Renewable energy sources. 1. Farret, Felix A. II. Title. IIl. Series. -

TJ808.556 2004 -
621.31°36—dc22 2004041370

This book contains information obtained from authentic and highly regarded sources. Reprinted material
is quoted with permission, and sources are indicated. A wide variety of references are listed. Reasonable
efforts have been made to publish reliable data and information, but the author and the publisher cannot
assume responsibility for the validity of all materials or for the consequences of their use.

Neither this book nor any part may be reproduced or transmitted in any form or by any means, electronic
or mechanical, including photocopying, microfilming, and recording, or by any information storage or
retrieval system, without prior permission in writing from the publisher.

The consent of CRC Press LLC does not extend to copying for general distribution, for promotion, for

creating new works, or for resale. Specific permissiori'must be obtained in writing from CRC Press LLC
for such copying.

Direct all inquiries to CRC Press LLC, 2000 N.W. Corporate Blvd., Boca Raton, Florida 33431.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are
used only for identification and explanation, without intent to infringe.

Visit the CRC Press Web site at www.crcpress.com

© 2004 by CRC Press LLC

No claim to original U.S. Government works
International Standard Book Number 0-8493-2031-3
Library of Congress Card Number 2004041370
Printed in the United States of America 1 2 3456 78 9 0
Printed on acid-free paper




For my mother, Cecilia, and my sister, Maysa,
who always believed in my idealism.
For my wife, Luzia, and my children, Ahriel and Lira,

who support me now (M.G.S.).

For my family who, with their love and affection.
helped me write every line I put in this work,

Gerry, Matheus, and Patrick (F.A.F.).



Foreword

It is indeed an honor and a privilege to write the foreword for this important
and timely book. We are now at a critical crossroad of our global energy
scenario. Energy has been the lifeblood of the continual progress of human
civilization. Since the industrial revolution of two centuries ago, global
energy consumption has increased by leaps and bounds to improve our
living standards, particularly in the industrialized nations of the world.

Currently, about 87% of total energy is generated from fossil fuels (coal,
oil, and natural gas), 6% is generated in nuclear plants, and the remaining
7% comes from renewable sources (mainly hydro and wind power). Unfor-
tunately, the world has limited amounts of fossil fuel and nuclear power
resources. According to current estimates, natural uranium for nuclear
power will last only about 50 years; oil will last no more than 100 years; gas,
150 years; and coal, 200 years. Will the wheels of our civilization come to a
screeching halt after the 23 century when fossil and nuclear fuels become
totally exhausted?

Not only that, our overdependence on fossil and nuclear fuels is causing

environmental pollution and safety problems, which are now becoming
dominant issues in our society. There is, in addition, the urban pollution
problem due mainly to internal combustion engine vehicles. The impact of
environmental pollution on global warming and the resulting climatic
changes can have disastrous consequences in the long run.
. At this juncture, we are turning more and more to environmentally clean
and safe renewable energy sources like wind, photovoltaic, and fuel cells.
The world has enormous resources of wind energy. It has been estimated
that tapping barely 10% of the wind energy available could supply all the
electricity needs of the world. Recent technological advances in variable-
speed wind turbines, power electronics, drives, and controls have made
wind energy competitive with coal and natural gas power.

One third of the world’s population lives outside the power grid system.
For them, wind and photovoltaic energy are very important. The U.S. wind
energy potential is so large that it can meet more than twice current electricity
consumption. Currently, 1% of U.S. power demand is supplied by wind,
which will be expanded to 5% by the year 2020. In Denmark, 13% of elec-
tricity is provided by wind, which will be expanded to 50% by 2030. Ger-
many is the world leader in wind energy installed capacity (4500 MW), and
the United States is the second (2554 MW). Developing countries such as
India and China have huge expansion programs in wind generation.

One of the problems of wind energy is that its availability is sporadic, and,
therefore, it needs to be backed by other power sources. The concepts of a



future hydrogen economy and hydrogen fuel cell cars are based on conver-
sion of wind power and storing energy in the form of hydrogen. This book
emphasizes wind generation systems using induction generators (induction
machines acting in generating mode). It is the right topic at right time.

Photovoltaic systems have the additional advantage of being static and
barely requiring repair and maintenance. However, photovoltaic power is
typically five times more expensive than wind power. Currently, there is a
tremendous research and development effort to develop low-cost photovol-
taic panels for widespread terrestrial applications in the future.

Solar power conversion efficiency is typically 16%, and its availability is
also sporadic. The primary fuel for fuel cell energy is hydrogen or a fossil
fuel (gasoline or methanol) with a reformer. Only in the former case can it
be defined as renewable energy. Fuel cells are static and have high conversion
efficiency (60%). Currently, they are bulky and expensive and have poor
transient response. Fuel cells show tremendous promise for the future, par-
ticularly for electric cars, although a tremendous amount of research and
development is needed to arrive at this goal.

This book highlights induction generators, particularly the cage type, for
application in renewable energy systems. Although both induction and syn-
chronous machines have been used widely, induction machines appear to
be the right choice for variable-speed renewable energy systems because
they are robust and economical. They have easily supplied excitation from
the stator, good transient behavior, and mild short-circuit fault. Generally, a
pulsewidth modulated inverter in the front end supplies the variable-fre-
quency variable-voltage power to the induction generator along with its
excitation need.

The drawbacks of induction generators, however, compared to synchro-
nous machine, are slightly lower efficiency and inability to be operated at
unity or leading power factor. Doubly fed induction generators with slip
power control using cascaded converters or cycloconverter have been used
in Scherbius drives. An example of a high-power Scherbius drive is the
Kansai Power Company’s 400-MW variable-speed pumped-storage hydro-
power station in Kansai Power (Japan). Toshiba has recently built flywheel
energy storage units in the utility system using this principle. Therefore, this
timely book enables the reader to comprehend the technology required in
the implementation of induction-generator-based renewable energy systems.

Dr. Bimal K. Bose
Condra Chair of Excellence in Power Electronics
The University of Tennessee, USA



Preface

Induction generators have been used since the beginning of the 20th century.
However, seemingly abundant fossil fuel production led to their almost
complete disappearance by the 1960s. In the last few years, attention to
environmental issues and international policy has made people conscious
of the importance of distributed generation and the need for development
of renewable and alternative energy solutions.

This book is written for the reader whose goal is to understand the tech-
nology of induction generators. Topics such as the process of self-excitation,
numerical analysis of stand-alone and multiple-induction generators,
requirements for optimized laboratory experimentation, application of mod-
ern vector control, optimization of power transference, use of doubly fed
induction generators, computer-based simulations, and the social and eco-
nomic impact of induction generators are presented in order to take the
subject from the academic realm to the desks of practicing engineers and
undergraduate, and graduate students.

Part of our intent is to suggest ideas and point further directions; in several
cases the reader is referred to other sources for more detailed development.
Much of the material presented here has not appeared in book form before.
As teachers and researchers, we realize the importance of feedback, and we
appreciate comments and suggestions for improvements and hearing about
what might have been valuable in the material we have presented.

. This book is organized in 13 chapters.

Chapter 1 presents some definitions and the characteristics of primary
sources and industrial, commercial, residential, and remote sites and of rural
loads, with highlights for the selection of the suitable electric generator.

Chapter 2 presents the steady-state model of the induction generator with
classical steady-state representation, parameter measurements, and peculiar-
ities of the interconnection to the distribution grid.

Chapter 3 expounds on transient modeling of induction generators with
a novel numerical representation of state space modeling that permits gen-
eralization of the aggregation of generators in parallel, an important subject
for wind farms.

Chapter 4 introduces in detail the performance of self-excited induction
generators, voltage regulation, and the mathematical description of self-
excitation.

Chapter 5 presents some general characteristics of the induction generator
with regard to torque vs. speed, power vs. output current, and the relation-
ship of air-gap voltage to magnetizing current.



Chapter 6 discusses the construction features of induction machines, par-
ticularly generator sizing, design, and manufacturing aspects.

Chapter 7 presents power electronic devices; requirements for injection of
power into the grid; interfacing with renewable energy systems; and AC-DC,
DC-DC, DC-AC, and AC-AC conversion topologies as they apply to the
control of induction machines used for motoring and generation purposes.

Chapter 8 describes the fundamental principles of scalar control of induc-
tion motors/generators and how control of the magnitude of voltage and
frequency achieves suitable torque and speed with impressed slip.

Chapter 9 presents vector control techniques in order to calculate stator
current components for decoupling of torque and flux for fast-transient
closed-loop response.

Chapter 10 presents contemporary optimization techniques for peak-
power tracking control of induction generators. In particular, hill-climbing
control and fuzzy control are emphasized.

Chapter 11 covers wound-rotor induction generators as applied to high-
power renewable energy systems with important pumped-hydro and grid-
tied applications.

Chapter 12 describes simulation approaches to transient response of self-
excited induction generators in several environments, steady-state analysis,
and vector-control-based induction motoring/generating systems.

Chapter 13 discusses economic, social, and impact issues related to alter-
native sources of energy with appraisal and investment considerations for
the decision maker.



The Authors

M. Godoy Simdes, Ph.D., earned the B.Sc. and his M.Sc. degrees from the
University of Sdo Paulo, Brazil, and his Ph.D. degree from the University of
Tennessee, in 1985, 1990 and 1995, respectively. In 1998, he also received a
D.Sc. degree (Livre-Docéncia) from the University of Sio Paulo.

Dr. Simdes joined the faculty of the University of Sdo Paulo from 1989 to
2000 and Colorado School of Mines in April 2000. He has been working to
establish research and education activities in the development of intelligent
control for high-power electronics applications in renewable and distributed
energy systems.

Dr. Simdes is currently serving as IEEE Power Electronics Society Inter-
society chairman. He is associate editor of Energy Conversion as well as editor
of Intelligent Systems of IEEE Transactions on Aerospace and Electronic Systems.
He is also associate editor of Power Electronics in Drives of IEEE Transactions
on Power Electronics. He has been actively involved in the Steering and
Organization Committee of the IEEE 2005 International Future Energy Chal-
lenge. Dr. Simdes is IEEE Senior Member, EPE and IEE Member and was the
recipient of a National Science Foundation (NSF) Faculty Early Career Devel-
opment (CAREER)-in 2002. It is the NSF’s most prestigious award for new
faculty members, recognizing activities of teacher-scholars who are consid-
ered most likely to become the academic leaders of the 21st century.

Felix A. Farret, Ph.D., earned his B.Sc. in 1972 and M.Sc. in 1979 in electrical
engineering from the Federal University of Santa Maria (UFSM), Brazil. He
also received a M.Sc. in electrical engineering from the University of
Manchester, England, in 1981, and a Ph.D. degree from Imperial College,
University of London, England, in 1984. Dr. Farret’s Ph.D. research was
concerned with the injection of supplementary control signals to minimize
uncharacteristic harmonics in high voltage direct current (HVDC) transmis-
sion systems.

After working at the Companhia Estadual de Energia Eléctrica (CEEE) of
Rio Grande do Sul, Brazil, during the two years of implantation of the
Thermopower Station of Candiota II, in 1974, he moved to UFSM. He did
research work in high power and high frequency in the Osaka Prefectural
Industrial Research Institute, Japan, in 1975. Since then, he has been teaching
in the Department of Electronics and Computing and doing research in the
field of micropower plants and industrial electronics, mostly related to
power converters for injection of energy into the public network.



Dr. Farret was a visiting professor in 2002/2003 at the Colorado School of
Mines, in the area of integration of alternative sources of energy with special
emphasis on the use of fuel cells, induction generators and power electronics.
Recently, he became coordinator of the Center of Studies in Energy and
Environment (CEEMA-UFSM) working in the utilization of fuel celis for load
management in distribution networks and stand-alone power generation.



Acknowledgments

This book took us more than a year to write. Many presentations, discussions,
meetings, debates, and hundreds of e-mails helped move us toward our goal
of finishing this book. Many colleagues assisted us in the process. We would
like to thank people who patiently read and commented on the drafts, gave
practical suggestions, supported us in developing simulations and experi-
ments, people who inspired us and made us find veiled relationships in the
intricacy of the topics.

In particular we would like to thank Luiz Pedro Barbosa, Ivan Chabu,
Sudipta Chakraborty, Lineu Belico dos Reis, Jeferson Marian Correa, Colin
Grantham, Cigdem Gurgur, Hua Jin, Enes Gongalves Marra, Bhaskara Palle,
José Antenor Pomilio, Dawit Seyoum, and Robert Wood.

We would like also to thank Prof. Muhammad H. Rashid for first approach-
ing us with the suggestion of preparing this book and the external reviewers
who read our proposal, Frede Blaabjerg, Leon Freris, David A. Torrey, and
Edson H. Watanabe. They made relevant suggestions at the outset of this
project and believed in our competence, motivating us to carry out the
venture. We appreciate the photographs contributed by WEG Motores and
Equacional Elétrica e Mecinica LTDA. We want to thank Luzia ]. Hirai
Ornelas for the cover design. We also want to show our gratitude to three
wonderful people from CRC Press who diligently worked with us on all the
important details, Nora Konopka, Samar Haddad, and Jessica Vakili.

Marcelo Godoy Simades
Golden, Colorado, USA

Felix Alberto Farret
Santa Maria, Rio Grande do Sul, Brazil



Table of Contents

1  Principles of Renewable Sources of Energy and Electric

L@T7 1150 £:15 10 ) « IR SRR 1
1.1 Scope of This Chapter..........cocieecc s 1
1.2 Legal Definitions.....cccoviiiciniiiiiicii ittt et et eane 2
1.3 Principles of Electrical Conversion...........ccoceeviviiimeeicciiveccernnnenreeceseneen. 3
1.4 Basic Definitions of Electrical POWeT ......cvooovverieiiiiiieeieceveeeeeeee 5
1.5 Characteristics of Primary SOUICES.....uceviviriririvinmrniviveisnincnesiinisensaes 7
1.6 Characteristics of Remote Industrial, Commercial, Residential Sites

and Rural ENergy ... 9
1.7 Selection of the Electric Generator.....occccueviiieeceeeesceeveieeeiee e eeeeesereeesa 11
1.8 Interfacing Primary Source, Generator, and Load .........ccocecvuevecvcuruennne. 12
1.9 An Example of a Simple Integrated Generating and Energy-

SEOTING SYSOM .t s 14
1.10 PrODIEIMIS ... .ttt et re et st e et ee et s e e e e e eessnaeenemeeeasneas 16
RO OTOIICES. oottt ettt e esae e e e saveestaesaeseeneessaassaeestassaseaes 17
2  The Steady State Model of the Induction Generator............... 19
2.1 Scope of This Chapter ...t cereeeesseetsseans 19

2.1.1 Interconnection and Disconnection of the Electric

Distribution NetWOrK .o cceceecrieeeiicececee et ese e 19

2.1.2 Robusiness of the Induction Generator...........ccoveeuvevveeeecerenrenn. 21
2.2 Classical Steady-State Representation of the Asynchronous

IMACKINE ...ttt eeeter e et ate et e e bt seeraaaeveeeeenesveensmsseeeassnsenes 21
2.3 GENETAtEA POWET .....eveeeeeeeeeceeeeeeeti ettt se s e eme e aeesne s emesseseesasasannan 25
24 Induced Torque........irmniciiieneeeesssenes et eeereesreeenane 27
2.5 Representation of Induction Generator Losses ...........coceceuvurrrvccrevencnnne. 30
2.6 Measurement of Induction Generator Parameters ......ccccceeeeeceveveenne.. 32

2.6.1 Blocked Rotor Test (S = 1) .cccvceeceveverinernenieeeeeeereeseenesesesenes 33

2.6.2 The No-Load Test (S = 0) ccceceeeeceremeierieieierteteieereerens e resseeseeenn 35
2.7 Peculiarities of the Induction Machine Working as a Generator

Interconnected to the Distribution Network.......coovvveeeieieoeneeeeeeeens 36
2.8 The High Efficiency Induction Generator .............ccccouucueremermeverenreeenas 39
2.9 The Doubly Fed Induction Generator..........c..cccccenveevercecesenrersereeseenns 40
2.10 PrODICIIIS....eciieeeeeee ettt ettt e e e e e te st e st e e st eenaesseeeenatesnesnsnanes 40
REfEIEIICES. .. vvvirrrrtrreieicctr st snrsree e sstsemrsabesassrasbsesbasessbs oot samtensenstastmennens 41
3  The Transient Model of the Induction Generator ........cccceeeeu.. 43
3.1 Scope of This Chapter ... 43

3.2 An Induction Machine in a Transient State ......c.ccccooceeveveereeevcereecevennnne 43



3.3 State Space Based Induction Generator Modeling ............cocecueurcunnnc 4
3.3.1 A No-load Induction Generator .....cccovveereceorvereereiceriesecerecverennans 45
3.3.2 State Equations of SEIG with Resistive Load, R........................ 46
3.3.3 State Equations of SEIG with an RLC Load........cccevinnnane. 47

3.4 Partition of the SEIG State Matrix with an RLC Load........ccccuveueeen... 49

3.5 Generalization of the Association of Self-Excited Generators............. 55

3.6 The Relationship between Torque and Shaft Oscillation...................... 58
3.6.1 The Oscillation EQUatiON........coevemieicieiteetee e 58

3.7 Transient Simulation of Induction Generators .........ccccceeeveeevveveeeneennee. 61
371 An Example of the Transient Model of the Induction

@27 4T<) 11 (6 ) (RO ST UUUUPURTURRUURUY 63
3.7.2 Effect of RLC Load Connection ......cceuveeerreesereeraesneersessssarrsassssens 63
3.7.3  L05S Of EXCItAatiON ..cveovvirveie e irreenieiecsieresaseneesverressessnsessessesssenes .63
3.7.4 TParallel Connection of Induction Generators........ccccevvvvevveeene. 64

3.8 Using This Chapter to Solve Typical Problems.........cccoooveniierinnnnnnn. 65

3.9 Problems ... ettt evernteeenetenneeeernreaennrens 66

RO OTENICES. cvtieieeeetiecterrte et e rer e s rersransssssresesare s s seesesbesassneensrns 67

4  The Self-Excited Induction Generator .......cccceerereeeeercveeereennennanes 69

41 Scope of This Chapter.......ccvviriinnc e 69

4.2 Performance of the Self-Excited Induction Generator ..........ccoceevveunenn. 69

4.3 Voltage Regulation........coiimiiniiininiiiieisseie 72

44 Magnetizing Curves and Self-Excitation .........cocveeevveieinennniceinenns 74

4.5 Mathematical Description of the Self-Excitation Process ..........c.cou...... 77

4.6 Series Capacitors and Composed Excitation of the Induction
GONETALOT ...ttt eeeieeeeette e et e e cebeessnre s seeesessneessntessnneessrasssonnnnsenn 83

A7 PrODIBIMS ...uiieciee ettt ettt et eecr e criaeeensa e bt asesntnessnetessanneesenneesennaenns 84

RELETEICOS. ...ttt ettt st eeee s s as e ae e ata et e sasesmeesemeenennesameeennas 86

5 General Characteristics of the Induction Generator.....cceeeeuene 89

5.1 Scope of This Chapter.........cccoviiiiiiiici e e 89

5.2 Torque-Speed Characteristics of the Induction Generator................... 89

5.3 Power Versus Current Characteristics .......ooeeveeeeenirerccniceeeeees e 92

5.4 The Rotor Power Factor in ROtation .......ccceeeeeieeiriecee e eeeenens 94

5.5 The Nonlinear Relationship Between Air-Gap Voltage V, and
Magnetizing Current I, ...t esnnes 95
5.5.1 Minimization of Laboratory Tests ........ccccceiveernvnrenencnnennenne 98

5.6 An Example of Determination of the Magnetizing Curve and the
Magnetizing Reactance ... 102

5.7 Voltage Regulation...........cccoooiiiiiiiiiiiiiciice s 104

5.8 Characteristics of ROtation ...ccccuiiiieiiiceiiiieieeeiee e soraeesseae s 105

TR I 5 (o) 01 1= o 1SRRI 109

RELEIEIICES. ....eeeeerereerieiretesiiiesteesteee e essesorssresaseasasensessesasssssessensesssnssserasssesssnssns 111



6  Construction Features of the Induction Generator ................ 113
6.1 Scope of This Chapter........coviiiniiie s 113
6.2 Electromechanical Considerations ..., 113
6.3 Optimization of the Manufacturing Process..........cccecovuveimrerrinennnncns 119
6.4 Types of DeSiZN.....c.oovuiieerrireriiiitien ettt s 120
6.5 Sizing the Machine ..ot 123
6.6 Efficiency Issues......ccceorieeincirienninan, OO 125
6.7  PrODIEMS.....coiiiitiireciiicesti et 128
REfEIEICES. ...ttt ettt ettt et s et s ba st e s et et s et st ae 130
7  Power Electronics for Interfacing Induction Generators....... 131
7.1 Scope of This Chapter.......cccocoeemiviiiririomiicct e 131
7.2 Power Semiconductor Devices..........ccoovreeriveiceininnccrenciniee e 131
7.3 Power Electronics and Converter CirCuits ........covvreeennarnrccesnsresensas 135
7.3.1 Regulators......cciiiiiiiniiicccicscteee e 135
732 INVEIeIS ...ttt e e e 136
7.3.3 Protection and Monitoring Units ......ccccoooriininicniiinnne 136
74 DC to DC CONVEISION....c.iiiiiiiiiieneeiierincnretsereeaesssessestessesnssesesssseseenes 139
7.5  AC to DC CONVEISION ..ot esessss st s ssnesessessneseesenns 143
7.5.1 Single-Phase Full-Wave Rectifiers, Uncontrolled and
Controlled TYPeS ...ttt eesiceeeenene 143
7.5.1.1 Center-Tapped Single-Phase Rectifier ...........cccuc.e. 143
7.5.1.2 Diode-Bridge Single-Phase Rectifier.........cccoovvenincee 144
7.5.1.3 Full-Controlled Bridge ........covveverrierererrncnenerrescneieenesennes 145
75.1.4 Half-Wave Three-Phase Bridge ........ccoceuverimiccnnnnnce. 149
7.5.1.5 Three-Phase Full-Wave Bridge Rectifier
(Graetz Bridge) ......ccoceemrucrceimiiciie s 152
7.5.1.6 Three-Phase Controlled Full-Wave Bridge
Rectifier .. 152
7.5.1.7 The Effect of Series Inductance at the Input AC
S ettt 153
7.5.1.8 The Three-Phase Half-Converter ...........cccuveecrueunnne. 156
7.5.1.9 High-Pulse Bridge Converters..........ccccoceveevicccnmrcnunnne 156
7.6 DC to AC CONVEISIOM uvtiriiririrmiesrisissmsisssisesssssstsiescsesssssassssssssesssssssssenss 156
7.6.1 Single-Phase H-Bridge Inverter ..........ccccoeeereeeerevricrnenennnnes 157
7.6.2 Three-Phase INVerter........ccciniiinnrccnneinne e 160
7.6.3 Multi-Step INVerter........covuiciuiincteet e eaeaeaan 160
7.6.4 The Multi-Level INVeTter..........cccooververiennrienenreenercresiennns 161
7.7 AC t0 AC CONVEISION...iciviiiieiniininiininisteeriisre st sensses e sessesssssessas 163
7.7.1 Diode-Bridge Arrangement.........ccccovvicniccnincvcninnenienceenne 165
7.7.2 Common-Emitter Antiparallel IGBT Diode Pair ..................... 165
7.7.3 Common-Collector Antiparallel IGBT Diode Pair .................. 166
7.8 PrODIEIMS.....ooeciiic ettt sae s 166

RO OIOIICES. .. teeveieteerteecee e et s s s sseresseessaesessassasessessasessressasesnssssessssnes rreessaesenes 167



8 Scalar Control for Induction Generators .....o..eceeereeevereeersnses 169

8.1 Scope of This Chapter........cccooeiriiemimiiiiniininee e 169
8.2 Scalar Control Background ........cececeersemmsnnsnenisnsnnisicnseninesnsnscsseninnneas 169
8.3 Scalar Control SChemes..........coviviiiiiiemneiecr e 173
8.4 PrODIEIMS. ....cceiniiecciceccrtee sttt et bbb 177
REFETEIICES. ...cuvureriereenietraeisieseeces e sttt e e es ettt ssa e b es st srssh s st reanatssas 178
9  Vector Control for Induction Generators..........eeeeeeeririrssurennenes 179
9.1 Scope of This Chapter........ccooiiiieiiiiiic e 179
9.2 Vector Control for Induction Generators.........ccecvereerernvinesvesnsinseinnnns 179
9.3  Axis TransfOrmMation.......ciciueeeierecinerieerieserieesieeiseseinessssessnsssesessseserassnnns 180
9.4 Space Vector NOtatioN........ccccieiiiiieiiiieiieet e 184
9.5 Field-Oriented Control........c.ccccovriiiriiinneiinncncin e e 186
9.5.1 Indirect Vector CONtrol.......ccouorvveicvminieiieiccinicccccecienns 187
9.5.2 Direct Vector Control.........cccviimmiiin e, 190
9.6 ProbIemis.....ccccoiiiiceeiieieneeeerecceee st b e eae e 194
REEIEINCES....ccniirirnietiiniitice et s e 195
10 Optimized Control for Induction Generators ......cccccevereeenennee 197
10.1 Scope of This Chapter........cccoviimremieierireinieinine e saensnes 197
10.2 Why Optimize Induction-Generator-Based Renewable Energy
SYSIEIMST ..ot SR 197
10.3 Optimization Principles: Optimize Benefit or Minimize Effort......... 198
10.4 Application of Hill Climbing Control (HCC) for Induction
GENETALOIS .c.oveevirireriiiinitee v ese e e s e st sne b e st e s 199
10.5 HCC-Based Maximum Power Search .......ccocoeieniiniiinnviiniinnae, 202
10.5.1 FIXEA SEEP -oeuimcicieiciieri ettt 202
10.5.2 Divided Step ...cccovviriveriinireeriietcree e s 203
10.5.3 Adaptive Step ...t 204
10.5.4 Exponential Step......cccvcivivisvenreneinieeniinsinieteee e 204
10.6 Fuzzy Logic Control (FLC)-Based Maximum Power Search ............. 209
10.6.1 Description of Fuzzy Controllers ..........cccoeeiereeierneenrenennne. 216
10.6.1.1 Speed Control with the Fuzzy Logic Controller
FLC Tttt 216
10.6.1.2 Flux Intensity Control with the Fuzzy Logic
Controller FLC-2 ... 219
10.6.1.3 Robust Control of Speed Loop with the Fuzzy
Logic Controller FLC-3 ..., 224
10.6.2 Experimental Evaluation of Fuzzy Optimization Control.....225
10.7 Chapter SUIMMATY ..ottt s ssss s sssenenas 233
10.8 Problems......ccoiceiciiiiiiiici i 234
RefETIONCES........eceieiictt s s e 234
11 Wound-Rotor Induction-Generator Systems ........cceccereerveennnes 237
11.1 Scope of This Chapter ..o 237

11.2 Features Of WRIG .....coveeeeeeeeeeeeeeeeeeeveeeeeeeeseeseresesssessesssesesseessessassseressesens 237



11.3 Sub- and Supersynchronous Modes ......c.cuuereerrensnernrieiniscnrannnneneens 239

11.4 Operation of WRIG..........coomiiiiiiciniirnnie et 242
115 PrODIEITIS ettt eeeetee et eeeseevv e be semesssteessssessanse s st enssassnsennssnnnes 254
RELEIEIICES .o eeteeeeeeeeeeeeereeeeeeeeeesmsessteessteasttesessesssessssssenseeesmsensessassstennsernsesrssansnes 254
12 Simulation Tools for the Induction Generator .....c.cceeeeveurrrenee 257
12.1 Scope of This Chapter.......ccccoiirieiieieiceeeteict et 257
12.2 Design Fundamentals of Small Power Plants...........cccooevnininnnes 258
12.3 Simplified Design of Small Wind Power Plants........c.cccoconiniiinnnnnas 259

12.4 Simulation of the Self-Excited Induction Generator in PSpice......... 262

12.5 Simulation of the Self-Excited Induction Generator in Pascal......... 271
12.6 Simulation of the Steady-State Operation of an Induction
Generator Using Microsoft Excel ... 272
12,7 Simulation of Vector-Controlled Schemes Using
MatLab /SImULINK ..ovoveeeeiveeece et rte e es e re e e e 277
12.7.1 INPULS .ottt e 279
12.7.2 OUEPULS...ctiiitccrt ettt e ceeas 279
12.7.3 Indirect Vector CONLIOL........oooeeeeiiiceeeeeecerece e eseeeesns 280
12.7.4 Direct Vector Control with Rotor FluX...ieeeviiiceececeveniieee. 283
12.7.5 Direct Vector Control with Stator FluX ....cccoceeeeeevveeieeeeceveeenes 285
12.7.6 Evaluation of the MATLAB/Simulink Program.................... 288
12.8 Simulation of a Self-Excited Induction Generator in PSim .............. 290
12.9 Simulation of a Self-Excited Induction Generator in MATLAB ...... 292
12.10 Simulation of a Self-Excited Induction Generator in C.......cce.c....... 294
J2.11 PrOBIemS oottt et e e ss e see e e et e aeaenaee s 296
RELEIEIICES. ......covvrietieiteiereereerteee e cree e e sassssessestesseastestsesaeseneaessateeeereseseneeeeaon 297
13 The Economics of Induction Generator-Based Renewable
Systems......... Weesrnsueseraslisieransssseenennsstasenssisaneerastrestintensenstenntnsessarsane 299
13.1 Scope of This Chapter .........iviiiirri e ssssesssesses 299
13.2 Optimal and Market Price of Energy in a Regulatory
EDNVITONIMENL ottt et e eee s e e e saesaee 300
13.3 World Climate Change Related to Power Generation............ccc........ 302
13.4 Appraisal of Investment ..., 306
13.4.1 Benefit-Cost RAIO v cvvvirvriremsierrressnersmessiensiniesesssssnssssseesensens 310
13.4.2 Net Present Value (or Discounted Cash Flow)....................... 310
13.4.3 Internal Rate of RetUIN.....cceoomieoceiieeceieieeieeeee e e eeseeene 310
13.4.4 Payback Period ..o 311
13.4.5 Least Cost ANAlYSIS .......cooeueireriieninrenieicirienie e eieaeseeieeans 311
13.4.6 Sensitivity ANAlysis ....ccocvevvrnririeiniiiin e 311
13.5 Concept Selection and Optimization of Investment..........cccccceurene. 312
13,6 FUULE DOt ONS i ceeteee et ces et ee s eemeeserasasenanes 314
13.7  PrOBIemIS vttt st s st s ne T, 314

ROEOIOIICES i ittt sttt et s esesissaaessesasesessorstssaesassesssasssmeearesnsssee 315



APPENDIX A Introduction to Fuzzy Logic......... reresnrsaeasneessesaens 317

A.1 Natural Vagueness in Experimental Observations ........ccoceooevvurnnnee. 318
A.2 Fuzzy Logic Operations..........ccormircieiinencesncnencsenn e cesese e sesesessenes 321
A.3 Rules oOf INfEIENCe ......c..ceouririeiireirciicetce ettt s 323
A4 Fuzzy SYSEmMS........ccoeetecii vttt sttt et 326
A.5 An Example of Fuzzy Logic Control for Air Conditioning

SYSEEINS .....cecrec e et et s s e e e 327
A6 CONCIUSION ..ottt ettt e 330
REf@IONCES.....oveteeecee ettt s et et e enees 330

APPENDIX B C Statements for Simulation of a Self-Excited
INAUCHION GeNEIALOT cveeerrrrnrreerrenceserssssesssesssnsssesssessssensosssssnnns seese 333

APPENDIX C Pascal Statements for Simulation of a
Self-Excited Induction Generator .......c...ceeee.... seessissiisnetaseanosnes 339



