
-367-4

,9

coverage
S
\\r)
a.
0)\
rJ
a.
ta
o\
qr
\
!
o
E
o
-
tn

UI
1+
ora
J
J
u

solar

addresses I
energy:

and

Z
, statistics,

been added

and recent

AS

ld anc Solar
n ver Systems

a compre-

i'
o.
m
o

ois designed as

systems.

!
0)

o
a

d
a

I

ENGINEERING -

CLEAN TECHNOLOGY

@-

u

CAB, EX2005 
Case No. IPR2024-00178 

1 of 20



Wind and Solar
Power Systems

CAB, EX2005 
Case No. IPR2024-00178 

2 of 20



Wind and Solar
Power Systems

Design, Analysis, and Operation

Mukund R. Patel and Omid Beik

CRC Press
Taylor & Francis Croup
BocaRaton London NewYork

CRC Press is an imprint of the
Taylor & Francis Croup, an lnforma business

CAB, EX2005 
Case No. IPR2024-00178 

3 of 20



Third edition Published 2021

:ffiHiJfittound Parkwav NW' Suite 300' Boca Raton' FL 3348't'2'742

and bY CRC Press

2 Park Square, Mitton Park' Abingdon' Oxon' OX14 4RN

@ 2O2l Mukund R' Patel and Omid Beik

First edition published by CRC Press 1999

CRC Press is an imprint of Taylor & Francis Group' LLC

TherightofMukundR.PatelandomidBeiktobeidentifiedasauthorsofthisworkhasbeen
asserted by them in u."o.Jui.l'rJirf, r".rion, ll udisof the Copyright' Designs and Patents

ISBN: 9?8-0-367-47693-9 (hbk)

ISBN: 978-0-3 67'7 1620-2 (Pbk)

ISBN: 978- 1 -003-04295-2 (ebk)

Typeset in Times

by SPi Global, tndia

Act 1988.

Reasonableeffortshavebeenmadetopublishrcliabledataandinformation,buttheauthorand
publisher cannor assume ,.rp"*to,iu, tor the validitfif ult ,ur.riut' or the consequences oI

ih"i, ur.. Thc aurhors uro prhirt .o have attempted a rrr." thc copyright holders of all mate-

rial reproduced in tt'i' p'Jri1"u'ti#t,,olo""tt" to 
"opv'igt't 

holders if perrnission to publish

in this form ha* not U."n oUiJn.O. ff *V *py.lg-t, ,nui..iui ttu, not been acknowledged please

write and let us know 
'o 

*" rnuy rectify in any future reprint'

Except as permitted under U'S' Copyright Law' no' part of this book may be reprinted' repro-

duced, transmin"o, o' u'ii'Io i'""#r"ii u1 anytlectronic' mechanical' or other means' now

known or hereafter inu"ntJO' in"tuiing photo"opyine' microfrlming' and recording' or ln any

information storage o, ,.iri"ua systeri, without writien permission from the publishers'

Forpermissiontophotocopyoruse-materialetectronicallyfromthiswork,accesswww'
copyright.com o' tonottli'"'Copyright Clearance C""i"'' l'"' (cccl' 222 Rosewood Drive'

Danvers, MA 01923, gra-i!il;00-For works ,t ui ur" not available on ccc please contact

.f tUoottp..*i ssions @ tandf 'co'uk

Trademark noticei Ptod:oct or corporate names may be trademarks :t ::gt:]"'"d 
trademarks

and are used only fo' iO"niin"uii* and explanation without intent to infringe'

l

CAB, EX2005 
Case No. IPR2024-00178 

4 of 20



Dedications

Dedicated to my parents shakariba and Ranchhodbhai who practiced ingenuity,

and to my grandchildren Rayna, Dhruv, Naiya, Sevina' Vveka and Mira

for keeping me Young
Mukund Patel

Dedicated to mY familY
Omid Beik

i

CAB, EX2005 
Case No. IPR2024-00178 

5 of 20



Contents
.xiii

xvll

Glossary

Acknowledgements.'...'. ".'. "..'.
Author BiograPhies.

List of Abbreviations and Conversion of Units"'

Wind Power Systems

Introduction

1.1 IndustrY Overview
L.2 History of Renewable Energy Development """"""""""""""
1.3 UtilityPerspective
Further Reading......'

PART A

Chapter 1
J

J

4
7

8

2.1 Wind Power in the World.

2.2 U.S. Wind Power Development..""""""""'
References

9

Chapter 3 Wind SPeed and EnergY

3.1 SPeed and Power Relation

3.2 Power Extracted from the Wind

3.3 Rotor-SwePt Area .'....

Chapter 4 Wind Power Systems...'....'.

4.2 Turbine Rating

4.3 Power vs. Speed and TSR'...""""'
4.4 Maximum EnergY Capture

4.5 Maximum Power Operation ..""""""""""'

4.1 System ComPonents

12

t3

5t

5t
45
47
49
50
52

,55
4.6 System-DesignTrade-offs
4.'t System Control Requirements."""""""'

vil

3.4 Air Density

15

10
a1

3.5 Wind Speed Distribution
3.6 Wind SPeed

CAB, EX2005 
Case No. IPR2024-00178 

6 of 20



Contents

vlrl

4.8 EnvironmcntalAsPects

4,.g PotentialCatastroPhes

+.io SYstem-Design Trends

57

60
61

62

63

ChaPter 5 Electrical Generators

5. I Turbine Conversion SYstems

5.2 Synchronous Generator """'
3 lnductionGenerator"'

5 .4 DoublY Fed Induction Generator

.5 Direct-DrivenGenerator

References

5

5

63
66
10
82

5 .; Unconventional Generators ""'
5.7 MultiPhaseGenerators"

References

6J

85

87

.89

ChaPter 6 Generator Drives

6.1 Speed Control Regions """"
6.2 Generator Drives"""""""""
6.3 Drive Selectio'':""'.""""
6.4 Cutout SPeed Selection""

Chapter 7 Offshore Wind Farms

1.1 Environmental ImPact

"1.2 Ocean Water ComPosition

Wave EnergY and Power""

Ocean Structure Design"'

7.5 Corrosion
Foundation..7.6

.92

.95

.98
.99
100

101

't.3

7.4

toz
103

105

106

108

108

.111

.ll2
. 113

.. 115

7 .'t Materials ""'

Chapter 8 AC Wind Systems"""""""""'

7.8 Maintenance
References

8.1 Overview

8.2 WindTurbine and Wind Farm Components """"""
8.3 System Analyses """""""'
8.4 Challenges ""'
References

115

1 18

20
23

2-?

CAB, EX2005 
Case No. IPR2024-00178 

7 of 20



tx
Contents

Chapter 9 DC Wind Systems """""""""'
g.l Making a Case for All-DC Wind System

9.2 Overview
g.3 AII-DC System Components """"
g.4 SystemAnalyses""""""'"
g.5 Variable Voltage Collector

References

References.'.'

Grid.

125

r25
1,25

128
r33
136

.139

PART B Photovoltaic Power SYstems

Chapter 10 Photovoltaic Power""

10.1 Building-Integrated PV System""""'

lO.2 PV Cell Technologies "

t43

145
147

153
References

...........155
Chapter lL Photovoltaic Power Systems

Chapter 12 Solar Power Conversion Systems"""""""""' ...........17 5

1Z.l Overview"...
12.2 Solar Power Electronics Systems

12.3 Challenges

12.4 Trend and Future""""""""'

r75
175
182
183

..........184

11.1

r1.2
1l.3 Equivalent Electrical

11.4

1 1.5 I-V and P-V

11.6

11.1

11.8

160

lll
r72
114

I

CAB, EX2005 
Case No. IPR2024-00178 

8 of 20



Contents
x

PART C SYstem lntegration

Chapter 13 EnergY Storage.'.

13. I Battcry
13.2 Types of Battery""""""""'."""""
13.3 Equivalent Electrical Circuit"""""
13.4 Performance Characteristics """"""""'
13.5 More on Lead-Acid Battery""""'
13.6 BatterY Design

13.7 BatterY Charging"."'
13.8 Charge Regulators

13.9 BatterY Management ""'
13.10 FlYwhcel
13. 1 1 Superconducting Magnet""""'
13.12 ComPressedAir
13. I3 Technologies Compared """""""'
13.14 More on Lithium-Ion Battery

References

Chapter 14 Power Electronics"""""'

Chapter 15 Stand-Alone SYstems

15.1 PV Stand-Alone"""""""'
15.2 Electric Vehicle

15.3 Wind Stand-Alone '....'.
15.4 Hybrid Systems

15.5 System Sizing......'............'
15.6 Wind Farm Sizing.'..'......

References

95

229

191

193

189

too
I

I

ano

a1.l

14.1 Basic Switching
14.2 AC-DC Rectifier .r 2.2.

14.3

t4.4
14.5

t4.6
14.1

14.8

t4.9
r 4.10
14.11

14.12

Matrix

Grid
Battery

.<1

CAB, EX2005 
Case No. IPR2024-00178 

9 of 20



IContents

Chapter 16 Grid-Connected Systems

lnterface Requirements'........""""""''
Synchronizing with the Grid """"""'
Opcrating Limit ......'....
Energy Storage and Load Scheduling

16.5 Utility Resource Planning Tools

16.6 Wind Farm-Grid lntegration ""'
16.7 Grid Stability Issues '....""""""'
16.8 Distributed Power Generation "'
References

Chapter 17 Electrical Performance

1'7.1 Voltage Current and Power Relations"""

11.2 Comfonent Design for Maximum Efficiency

11.3 Electrical System Model"""""
11 .4 Static Bus Impedance and Voltage Regulation

17.5 Dynamic Bus Impedance and Ripples""""'

17.6 Harmonics.'.
l't.7 QualitY of Power"....

17.8 Renewable Capacity Limit """""'
17 .9 Lightning Protection,."
Ref'erences

Chapter 18 Plant EconomY

18.1 Energy Delivery Factor"""""
18.2 Initial Capital Cost""""""""'
18'3 Availability and Maintenance

18.4 Energy Cost Estimates"""""'
18.5 SensitivitYAnalYsis
18.6 Profitability Index """"""""'
18'7 Proiect Finance

References

Chapter 19 The Future

19.1 World ElectricitY to 2050 "
19.2 Future of Wind Power""""
19.3 PV Future....

19.4 Declining Production Cost

19.5 Market Penetration

References

16. I

16.2

16.3

16.4

xl

.2',75

.276

.2',78

.282

.286
..286
..287
..288
..290
..292

?q5

295
296
298
299

L

aoo

.r21

CAB, EX2005 
Case No. IPR2024-00178 

10 of 20



Contents

xii

PART D AncillarY Power Technologies

Chapter 20 Solar Thermal System "'

?0 I EnergY Collcction

,o,Z Solar-ll Power Plant

lo.l SYnchronousGenerator

io,i comm"t"iut Power Plants 
..'

io.s Recent Trends """""""""'
References

.....357

Chapter 21 Ancillary Power Systems

1 Heat-Induced Wind Power
2l
2l .2 Marine Current Power "

21.3 Ocean Wave Power """
21.4 Jet-Assisted Wind Turbine""""'

21.5 Blade,less Wind Turbine.'.

21.6 Solar Thermal Microturbine

21.'7 ThermoPhotovo ,ltaic system""':"""

References

369

1

,]

:

CAB, EX2005 
Case No. IPR2024-00178 

11 of 20



Preface
The 3rd edition of this book is an expanded, revised, and updated version of the 2nd

.ai,io, with new chapters such as AC wind systems, HVDC and all-DC wind sys-

tems, multiphase and DC wind turbine conversion systems, and solar power electron-

i., to. on-grid and off-grid systems. The new edition is the result of teaching the

course to inquisitive students and short courses to professional engineers that

enhanced the contents in many ways. The book is designed and tested to serve as

textbook for a semester course for university seniors in electrical and mechanical

engineering fields. The practicing engineers will get detailed treatment of this rapidly

g.J*ing ,"g*"nt of the power industry. The government policy makers would ben-

In, Oy or"*iew of the material covered in the book. The book is divided into four

parts in 21 chapters.

Part A covers the wind power technologies. It includes the engineering funda-

mentals, the probability distributions of the wind speed, the annual energy potential

of a site, and the wind power system operation and the control requirements. Since

most wind plants use induction generators for converting the turbine power into elec-

trical power, the theory of the induction machine performance and operation is

reviewed. The electrical generator speed control for capturing the maximum energy

under wind fluctuations over the year is presented. The rapidly developing offshore

wind farms with their engineering and operational aspects are covered in detail.

Includecl in Part A are also new chapters on AC wind systems and DC wind

systems.

Part B covers the solar photovoltaic technologies and the current developments

aroun6 the world. It starts with the energy conversion characteristics of the photovol-

taic cell, and then the array design, the effect of the environment variables, the sun-

tracking methocls for the maximum power generation, the controls, and the emerging

trends are discussed. A new chapter on modern power electronics needed for solar

power conversion fbr on-grid and ofT-grid systems is included in Part B.

Part C starts with large-scale energy storage technologies often required to aug-

ment non-dispatchable 
"r"tgy 

sources, such a wind and PY to improve the availabil-

ity of power to the users. It covers characteristics of various batteries, their design

methods using the energy balance analysis, factors influencing their operation, and

the battery .onug"*"nimethods. The energy density and the life and operating cost

per kwh delivered are presented for various batteries, such as lead-acid' nickel-

cadmium, nickel-metal-hydride, and lithium-ion. The energy storage by the flywheel,

compressed air, the superconducting coil, and their advantages over the batteries are

reviewecl. The basic theory and operation of the power electronic converters and

inverters used in the wind and solar power systems are then presented. The grid-

connected renewable power Systems are covered with voltage and frequency control

methods needed for synchronizing the generator with the grid' The theory and the

operating characteristics ofthe interconnecting transmission line, the voltage regula-

tion, thc maximum power transfer capability, and the static and dynamic stability are

covered. About two billion people in the world not yet connected to the utility grid

xill CAB, EX2005 
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Preface

xlv

are the largest potential market of stand-alone power systems using wind and photo-

voltaic sysrems i' hy;;i;';ith diesel 
'"n"'ut" 

ot ru"r cells which are also

covered' 
lth the overall electrical system performance' the method of

Part C continues wl

designing svstem t";;;;;"'o op"'*"'* tht;;;;i;'m possible erficiencv' the

,,u,i-.unadvnamicb"';;;;*;;'tPl1'fi :l;;;:*:|i;1,X,::t+i?J#"oif; :li
g:*'.y*:X ::ffi ;:?H:i[ :.ff{:i: it'' puv I n g c u stom ers are prese nr ed

Ir also shows tt. irpoJttsu|".""f ""1*rii'ri,V ^"riYtilil 
ralse confidence level of the

investors. The past ",,,0'""'"*'"t*' 
of tt'" *'ini and PV power' the declining prtce

model based on tn" r"u'lll;il;' ;;iih' Fi'h;;;;;'uu'iitution model ror predict-

ins the ruture marke';ii;ilililj|';il r"v po*"t based on historical data on

ffi;*;"S::*:xtT:[:,'#]o*o 
:I'.':1" 

derived rrom the sun' the urtimate

source of ene'gy on'n"?itn' ii'i-o *itt' 
'r'" 'Jri'v-scale 

solar'thermal power plant

using concentrating na#*' ""J-ott"n '"" '""'i 
*ui""' lt then covers the solar-

induced wind power' the marine curent power' and the ocean wave power'

List of acronyms ""i """""i"n 
of units ";;;; 

at the starting of the book'
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GWh
HV
HVDC
IEA
IEC
ISES
kw
kwh
LV
LVRT
MVDC
MVA
MPPT
MW
MWa
MWe
MWh
NEC
NOAA
NREL
NWTC

Alternating Current
American Solar Energy Society

American Wind Energy Association
Ampere-hour of the battery capacity
Building-integtated photovoltaics
British Wind Energy Association
Rotor energy conversion efficiency
Charge/discharge of the battery
Constant power
Direct current
Depth of discharge of the battery
Department of Energy
Danish Wind Industry Association
European currency unit
Energy delivery factor
Electric Power Research Institute
European Wind Energy Association
Gigawatts (10e watts)
Gigawatthours
High voltage
High-voltage direct current (transmission)

International Energy Agency
International Electrotechnical Commission
International Solar Energy Society
Kilowatts
Kilowatthours
Low voltage
Low voltage ride-through
Medium voltage DC
Mega volt amperes

Maximum power point tracking
Megawatts
Megawatts accumulated
Megawatts electric
Megawatthours
National Electrical Code@

National Oceanic and Atmospheric Administration
National Renewable Energy Laboratory
National Wind Technology Center
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List of Abbreviations and Conversion of Units

xx

PNI
PV
PWM
QF
RPM
SiC
SOC
SRC
THD
THM
TPV
TSR
TWh
UCE
VSC
WF
Wp

Permanent Magnet

Photovoltaic
Pulse width modulation

QualifYing facilitY

Revolutions Per minute

Silicon Carbide

State of charge of the batterY

S*.in. .""i caPacitY. (kW/m2)

;;;;il;""ic distortion in qualitv of power

i"p t""a mass (nacelle + rotor)

ThermoPhotovoltalc
Tip sPeed ratio (of rotor)

Trillion ( l0r2) watthours

Unit cost of energY

Voltage source converter

Wound field
Watt Peak

PREFIXES

k
M
G
T

kilo (103)

Mega (106)

Giga (10e)

Trillion (1012)
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G lossary
CONVERSION OF UNITS

The information contained in the book comes from many sources and many countries

using different units in their reports. The data are kept in the form they were received

by the authors and were not converted to a common system of units. The following
is the conversion table for the most commonly used units in the book:

xxt

To Change From lnto Multiply By

mph m/scc 0.447

kn m/sec 0.514

mi kn 1.609

fr m 0.3048

tn cm 2.540

ID kg 0.4535

BIU W.sec 1054.4

Btu kw.h 2.93 x loa
BtL/li2 11357

Bru/h 0.293

Btu/ft,/h kWm2 3.15 x 10'
Btu/h/ft2l.F Wm2/'C 5.678

hp w '146

gallon of oil (U.S) kwh 42

gal (U.S.) liter 3.785

barrel of oil Btu 6x106

barrel gal (U.S.) 42

W'sec/m2
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Wind Power Systems

L

CAB, EX2005 
Case No. IPR2024-00178 

20 of 20




