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ABSTRACT

The utilization of solar photovoltaic (PV) energy in water pumping is conservative
particularly in isolated regions where the transmission of power is either impractical or
exorbitant. In this research work, various topologies for solar PV array fed water pumping are
developed using a brushless DC (BLDC) motor drive. A high efficiency BLDC motor
substantially reduces the size of PV array and hence its installation cost. Moreover, its high
power factor results in a reduced capacity of the used voltage source inverter (VSI). Besides
these, unlike an induction motor, the speed of a BLDC motor is not limited by power
frequency. This leads to a reduced size of the motor.

A reduced sensor based simple, efficient and cost-effective BLDC motor drive is
investigated with fast control of its speed. The voltage sensor at the DC bus of VSI and the
motor phase current sensors are eliminated in the proposed drive. In addition, the speed
control loop is not required, as the speed of BLDC motor-pump is adjusted by the DC bus
voltage of VSI. The VSI is switched at fundamental frequency, which offers a high
conversion efficiency by reducing the switching losses in VSI. The system possesses a
maximum power point tracking (MPPT) of PV array by introducing a DC-DC converter
between the PV array and a VSI, feeding the motor. The various DC-DC converters are
placed for MPPT, and analyzed based on their performance, simplicity, design, cost and
efficiency. The work is extended towards an elimination of DC-DC converter and a single
stage PV array fed BLDC motor drive is also investigated for water pumping. This system is
capable of operating the solar PV array at its optimum power using the same VSI, which is
used for motor control. In order to make a PV water pumping further economical and
compact, the position sensor-less BLDC motor drives are also developed for both two stage
and single stage PV based water pumping. The sensorless control is the only reliable way to

operate the BLDC motor for applications in submersible water pumping.



A promising case of interruption in the water pumping due to the intermittency of PV
power generation is resolved by using a single phase utility grid as an external power backup.
A grid interacted PV array and its control are demonstrated to get a reliable and fully utilized
water pumping with BLDC motor such that the pumping is not affected by an intermittency
of PV generation. The power is drawn from the grid in case the PV array is unable to meet
the required power demand. Both unidirectional and bidirectional power flow control are
implemented for a grid interfaced PV fed BLDC motor driven water pump. The bidirectional
power flow control based topology offers an additional merit of feeding power to the utility
grid by the installed PV array, in case the water pumping is not required. This practice leads
to a full utilization of installed resources. Moreover, it emerges as a source of earning by sale
of electricity to the utility. The maximum power point (MPP) operation of PV array, and
power quality (PQ) standards such as power factor and total harmonic distortion (THD) of
grid current as per IEEE-519 standard, are met by this system.

All the proposed configurations are modeled and simulated using MATLAB/Simulink
platform in order to demonstrate their performance during starting, dynamic and steady state
conditions. Simulated results are verified through test results obtained from hardware
implementation using a developed prototype in the laboratory. The applicability and
commercial potential of proposed systems are justified by their in depth analysis based on

efficiency, cost, simplicity and performance.

Vi



R

grex yftnr & dier Bichleegs (Td)) ol & YANT Sl TRE0T &t 2 § S §, faRivew
gEadt gl H STl fasTel! a1 TaruT o7 off a7 < STATaRiies ¢ a1 iffderdt § | 36 Y & # ey

It (Sueret) Hiex gr2a & T ¥ iRk dial anferd arex it & fag fafss ugfaat fawfa &t g

¢ | 3T & &l TSl e Yidt §eT & 3R a1 ANTd &l &HH &idl ¢ | S8 399 TTa theed
diees! GIF gac? (ATgaNE) & A & it HH & T 2 | 39 STfAfRed, Sea= Hiex ¥ f9d, Siuast
Hiex & 71fd Ter fire it smaft & afera e gt | o7aT: Hiex o SR SR of Sier g S g |

T WY H A YR R T, G 3R fHRwadt St Aiet grea i @it & TS €, o

Zg! T A deit & Frafad fman S € | et grea | dagens & St foid dieest §6T ok Alet 3
Y e YU 1 gel foan a1 B | 39 3T, T fAdes U i savaddr el 8, i Seee
Hex-uq &F Tt GeHeiE & S8t foie ateest g GrmifSi fokam S ¢ | SqHanE & ga gy §
Trenferd o STrar 8, Sh diugens & fafe &fa o o7 ot ST €Uiaior g&rar UeH &l ¢ | TEdTad

ToTTett & didt §9e 3T diuEeng & 0w U S-Sl deac ol FanT &id didt 99e & Afedmy qrar
wrge ef (THdidiet) @t fag forar e € | fafm Sielt-Sigh shracd @t qrdidiet & forg uger fomam e
2, TUT UG, GeAdT, TTAT, ANT 3R G&rdl & SR U 3T [a2avor fohar a1 ¢ | 39 Y & 37T

9T 7 SIE-SiEt Frac o fsanfla fohan € 9ur Ue e @St didt anfed Saereidt et grgg @t
off arex uftnr & faq IugnT & arar T 2 | a8 ol 39T diuEanE @ UaiT @i Sier didt Od &
3G SYAH Ufad TR GeTfeld o d 9 ¢, fSen wan Aiex fEreor & fog fovar sirar g | didt-arex
Ui &t STR 31fehs fhmhradt 3Tk Grifed e B Tadt ot 3fiX fiver st didt W amenfia arex uft
& forg qifsr dor e Siuaeiat Aiex gead off fawfaa ey 71y €1 du fea e & genrfdae
grex ufte & g uaeie diex geferd oa o UeHTd f9a-ig aier 2 |

TreR Wit W N fastell Sarga &l IfAarar & HROT areX Uit # S9a9™ 39 e
e © fAsd um & fog five B e &) deerd & v & AT foar man 2 | fe-ganfeia didt 4ee

T 3G AGe0T & GRT U [ 37X guta: Iuadi fohy g diereie Aiet-arex ufii @ faeg



T ¢, difes diet ST i JifAarar § arex ufii waiiad | @1 oe did) O arex uf|in & forg
ML Holl <t YT el B Tl qa WY Sl (e T o off St ¢ | Fre-gafom det-dueeiat At
ifeid arex yu & ol gfftieRma ok sefiaRma-gial & W naia Fo warg & fAgeor @
STt foha 7T ¢ | STSfeRaRIer Sl dTg & H4eor W SR YomTelt, ST aTed Ufter &t sasgesarn
T &, Tt diet §et St St ot fire & RIMiaRa & & eififiea v Wt € | 3o wfud gareHt
1 Gl IUANT AT a1 & | Ty § |1, e &6l ot ot fasha oees a8 WoTTelt 319 3 e i & 9

H IR o1 € | 39 g1 yunfert (gfAfeRame iR aTefeRamier Sl HaTg WX Senia) & oft didt &t
1 RfRHH Uk @ige (TAYTdY) fafer fomar mar €, aur fafes urar gferet (Wery) wreeh, S8 file @ie
1 TR SiereR SR Sledt grHli-eh SR (STuee!) SMEEEs-ug g Ale & Ted ¢ |

TR, TRl 3R f@R sramneil & st ufifsmarel & fig wa ¥g Iwie aeft vt
wonferat @ Aeota/fimfeies grr Atefer qun e faar mar € 1 saiRren # duR 6t e greder
afcigsf g1 uteror & T uRomHl 3 YR IR e -uRomdt @ wenfua famar mar € | aeft weanfad
yonferat &t ST SR AT GHIEAIST F GaTdT, AT, TRErT 3R UG & 3R U A
TS © fAReIvoT otk Suer dTfed fomam mar € |




TABLE OF CONTENTS

Page No.
Certificate i
Acknowledgements i
Abstract v
Table of Contents vii
List of Figures Xvii
List of Tables XXV
List of Abbreviations XXV
List of Symbols XXVii
CHAPTER | INTRODUCTION 1-9
1.1 General 1
1.2 State of Art on Solar PV Fed Water Pumping Systems 2
1.3 Objectives and Scope of Work 4
1.3.1 Two Stage Solar PV Based BLDC Motor Drive for Water Pumping 4
1.3.2  Single Stage Solar PV Based BLDC Motor Drive for Water Pumping 4
1.3.3  Grid Interfaced Solar PV Fed BLDC Motor Drive for Water Pumping 5

Based on Unidirectional Power Flow Control
1.3.4  Grid Interfaced Solar PV Fed BLDC Motor Drive for Water Pumping 5

Based on Bidirectional Power Flow Control

1.3.5 Sensorless BLDC motor Drive for Solar PV Fed Water Pumping 5
1.4 Outline of Chapters 5
CHAPTER I LITERATURE REVIEW 10-26
2.1 General 10
2.2 History and Development of Solar PV Technology 11
2.3 Standards, Testing and Quality Certification for Solar PV Systems 14
24 Literature Survey 16
2.4.1  Review of Solar PV Fed Water Pumping Systems 16
2.4.1.1 Solar PV Fed DC Motor Driven Water Pumping 17
2.4.1.2  Solar PV Fed BLDC Motor Driven Water Pumping 18
2.4.1.3 Solar PV Fed Induction Motor Driven Water Pumping 18
2.4.1.4 Solar PV Fed PMSM Driven Water Pumping 20
2.4.1.5 Solar PV Fed SRM Driven Water Pumping 20
2.4.1.6  Solar PV Fed SyRM Driven Water Pumping 21

2.4.2  Review of MPPT Techniques for Solar PV Fed Water Pumping 21

Vii



2.4.3 Review of DC-DC Converter Topologies for MPPT of Solar PV
Array

2.4.4  Review of BLDC Motor Drives for Solar PV fed Water Pumping

2.5 Identified Research Areas
2.6 Conclusions
CHAPTER IlIl  CLASSIFICATION AND CONFIGURATIONS OF SOLAR
PV FED BLDC MOTOR DRIVES FOR WATER PUMPING
3.1 General
3.2 Classification of Solar PV Fed BLDC Motor Drives for Water Pumping
3.3 Configurations of Solar PV Fed BLDC Motor Drives for Water Pumping
3.3.1  Configurations of Off-Grid Solar PV Fed BLDC Motor Drive for
Water Pumping
3.3.1.1 Two Stage Solar PV Fed BLDC Motor Drives for Water
Pumping
3.3.1.2 Single Stage Solar PV Fed BLDC Motor Drive for Water
Pumping
3.3.2  Configurations of Grid Interfaced Solar PV Fed BLDC Motor Drive
for Water Pumping
3.3.2.1  Unidirectional Power Flow Control Based Grid Interfaced
Solar PV Fed BLDC Motor Drive for Water Pumping
3.3.2.2  Bidirectional Power Flow Control Based Grid Interfaced
Solar PV Fed BLDC Motor Drive for Water Pumping
3.3.3  Configurations of Solar PV Fed Sensorless BLDC Motor Drive for
Water Pumping
3.3.3.1 Configuration of Two Stage Solar PV Fed Sensorless
BLDC Motor Drive for Water Pumping
3.3.3.2 Configuration of Single Stage Solar PV Fed Sensorless
BLDC Motor Drive for Water Pumping
3.4 Conclusions

CHAPTER IV  SOLAR PV-BOOST CONVERTER FED BLDC MOTOR

4.1
4.2

4.3

DRIVE FOR WATER PUMPING
General

Configuration of Solar PV Fed BLDC Motor Drive for Water Pumping Using
Boost Converter

Design of Solar PV Fed BLDC Motor Drive for Water Pumping Using Boost
Converter

4.3.1  Design and Selection of Solar PV Array
4.3.2  Design of Boost Converter

4.3.3  Design of DC Bus Capacitor of VSI
4.3.4  Design of VSI

viii

23

24
25
26

27-35

27
27
29
29

29

31

32

33

34

34

35

35

35

36-61

36
36

38

38
39
40
41



4.4

4.5

4.6

4.7

4.8

4.3.5  Selection of BLDC Motor
4.3.6  Design of Water Pump

Control of Solar PV Fed BLDC Motor Drive for Water Pumping Using Boost
Converter

44.1  MPPT Control of Solar PV Array with Boost Converter
4.4.2  Electronic Commutation of BLDC Motor

4.4.3  Speed Control of BLDC Motor-Pump

4.4.4  Soft Starting of BLDC Motor

MATLAB Based Modeling and Simulation of PV Fed BLDC Motor Drive for
Water Pumping Using Boost Converter

Hardware Implementation of Solar PV Fed BLDC Motor Drive for Water
Pumping Using Boost Converter

4.6.1  Development of Signal Conditioning Circuit for Voltage Sensors
4.6.2  Development of Signal Conditioning Circuit for Current Sensors
4.6.3  Development of Isolation and Amplification Circuit for Gate Drivers
4.6.4  Execution of Control Algorithm on DSP-dSPACE 1104

Results and Discussion

471 Simulated Performance of Solar PV Fed BLDC Motor Drive for
Water Pumping Using Boost Converter

4.7.1.1 Steady State Performance
4.7.1.2  Starting Performance
4.7.1.3 Dynamic Performance

4.7.2  Experimental Performance of Solar PV Fed BLDC Motor Drive for
Water Pumping Using Boost Converter

4.7.2.1 Steady State Performance

4.7.2.2 Dynamic Performance

4.7.2.3  Starting Performance
4.7.3  Comparison of Proposed and Conventional Drive Systems
Conclusions

CHAPTER V SOLAR PV-BUCK CONVERTER FED BLDC MOTOR

5.1
5.2

5.3

DRIVE FOR WATER PUMPING
General

Configuration of Solar PV Fed BLDC Motor Drive for Water Pumping Using
Buck Converter

Design of Solar PV Fed BLDC Motor Drive for Water Pumping Using Buck
Converter

5.3.1  Design and Selection of Solar PV Array
5.3.2  Design of Buck Converter

5.3.3  Design of DC Bus Capacitor of VSI
5.34  Design of VSI

5.3.5 Selection of BLDC Motor

41
41
42

42
45
46
46
47

48

49
50
51
51
53
53

53
55
55
56

56
57
59
59
61

62-73

62
62

62

63
64
64
64
64



5.4

5.5

5.6

5.7

5.8

5.3.6  Design of Water Pump

Control of Solar PV Fed BLDC Motor Drive for Water Pumping Using Buck
Converter

MATLAB Based Modeling and Simulation of PV Fed BLDC Motor Drive for
Water Pumping Using Buck Converter

Hardware Implementation of Solar PV Fed BLDC Motor Drive for Water
Pumping Using Buck Converter

Results and Discussion

5.7.1  Simulated Performance of Solar PV Fed BLDC Motor Drive for
Water Pumping Using Buck Converter

5.7.1.1  Steady State Performance
5.7.1.2  Starting Performance
5.7.1.3  Dynamic Performance

5.7.2  Experimental Performance of Solar PV Fed BLDC Motor Drive for
Water Pumping Using Buck Converter

5.7.2.1  Steady State Performance

5.7.2.2  Dynamic Performance

5.7.2.3  Starting Performance
5.7.3  Comparison of Proposed and Conventional Systems
Conclusions

CHAPTER VI SOLAR PV FED BLDC MOTOR DRIVE FOR WATER

6.1
6.2

6.3

6.4

PUMPING USING BUCK-BOOST CONVERTERS
General

Classification of Solar PV Fed BLDC Motor Drive for Water Pumping Using
Buck-Boost Converters
Configurations of Solar PV Fed BLDC Motor Drive for Water Pumping Using
Buck-Boost Converters

6.3.1  Configuration of Solar PV Fed BLDC Motor Drive With Buck-Boost

Converter

6.3.2  Configuration of Solar PV Fed BLDC Motor Drive With Cuk
Converter

6.3.3  Configuration of Solar PV Fed BLDC Motor Drive With Zeta
Converter

6.3.4  Configuration of Solar PV Fed BLDC Motor Drive With SEPIC

6.3.5  Configuration of Solar PV Fed BLDC Motor Drive With Landsman
Converter

Design of Solar PV Fed BLDC Motor Drive for Water Pumping Using Buck-
Boost Converters

6.4.1  Design and Selection of Solar PV Array
6.4.2  Design of Buck-Boost Converters

65
65

65

66

66
66

66
68
68
70

70
71
72
72
73

74-117

74
74

75

75

76

76

76
77

78

78
79



6.5

6.6

6.7

6.8

6.9

6.10

6.4.3
6.4.4
6.4.5
6.4.6

6.4.2.1  Design of Buck-Boost Converter
6.4.2.2  Design of Cuk Converter

6.4.2.3 Design of Zeta Converter

6.4.2.4  Design of SEPIC

6.4.2.5 Design of Landsman Converter

Design of DC Bus Capacitor of VSI
Design of VSI

Selection of BLDC Motor

Design of Water Pump

Control of Solar PV Fed BLDC Motor Drive for Water Pumping Using Buck-
Boost Converters

MATLAB Based Modeling and Simulation of Solar PV Fed BLDC Motor
Drive for Water Pumping Using Buck-Boost Converters

Hardware Implementation of Solar PV Fed BLDC Motor Drive for Water
Pumping Using Buck-Boost Converters

Results and Discussion

6.8.1

6.8.2

6.8.3

6.8.4

6.8.5

Performance of Solar PV Fed BLDC Motor Drive for Water Pumping
Using Buck-Boost Converter

6.8.1.1  Simulated Performance

6.8.1.2  Experimental Performance

Performance of Solar PV Fed BLDC Motor Drive for Water Pumping
Using Cuk Converter

6.8.2.1  Simulated Performance

6.8.2.2  Experimental Performance

Performance of Solar PV Fed BLDC Motor Drive for Water Pumping
Using Zeta Converter

6.8.3.1  Simulated Performance

6.8.3.2  Experimental Performance

Performance of Solar PV Fed BLDC Motor Drive for Water Pumping
Using SEPIC

6.8.4.1  Simulated Performance

6.8.4.2  Experimental Performance

Performance of Solar PV Fed BLDC Motor Drive for Water Pumping
Using Landsman Converter

6.8.5.1  Simulated Performance
6.8.5.2  Experimental Performance

Comparative Evaluation of Various DC-DC Converters for Solar PV Fed
BLDC Motor Driven Water Pumping

Conclusions

Xi

79
80
80
81
81
81
82
82
82
82

82

83

83
83

84
87
90

90
93
96

96
99
102

102
105
109

109
112
115

117



CHAPTER VII SINGLE STAGE SOLAR PV FED BLDC MOTOR DRIVE

7.1
7.2

7.3

7.4

7.5

7.6

1.7

7.8

7.9

FOR WATER PUMPING
General

Configuration of Single Stage Solar PV Fed BLDC Motor Drive for Water
Pumping

Design of Single Stage Solar PV Fed BLDC Motor Drive for Water Pumping
7.3.1  Design and Selection of Solar PV Array

7.3.2  Design of DC Link Capacitor of VSI

7.3.3  Design of VSI

7.3.4  Selection of BLDC Motor

7.3.5  Design of Water Pump

Control of Single Stage Solar PV Fed BLDC Motor Driven Water Pumping

7.4.1  MPPT of Solar PV Array
7.4.2  Electronic Commutation of BLDC Motor

7.4.3  Switching Pulse Generation for VSI
7.4.4  Speed Control of BLDC Motor-pump
7.45  Soft Starting of BLDC Motor
MATLAB Based Modeling and Simulation of Single Stage Solar PV Fed
BLDC Motor Drive for Water Pumping
Hardware Implementation of Single Stage Solar PV Fed BLDC Motor Drive
for Water Pumping
Results and Discussion
7.7.1  Simulated Performance of Single Stage Solar PV Fed BLDC Motor
Drive for Water Pumping
7.7.1.1  Steady State Performance

7.7.1.2  Starting Performance
7.7.1.3  Dynamic Performance
7.7.2  Experimental Performance of Single Stage Solar PV Fed BLDC
Motor Drive for Water Pumping
7.7.2.1  Steady State Performance
7.7.2.2  Dynamic Performance
7.7.2.3  Starting Performance
Comparative Evaluation of Single Stage and Two Stage Solar PV Fed BLDC
Motor Drives for Water Pumping

Conclusions

CHAPTER VIII UNIDIRECTIONAL POWER FLOW CONTROL BASED

GRID INTERFACED SOLAR PV FED BLDC MOTOR
DRIVE FOR WATER PUMPING

Xii

118-136

118
118

120

120
121
122
122
122
122

124
124

124
125
125
125

126

127
127

127

130
130

131
132
132

134
135

136

137-160



8.1
8.2

8.3

8.4

8.5

8.6

8.7

8.8

General

Configuration of Grid Interfaced Solar PV Fed BLDC Motor Drive for Water
Pumping Based on Unidirectional Power Flow Control

Design of Grid Interfaced Solar PV Fed BLDC Motor Driven Water Pumping
Based on Unidirectional Power Flow Control

8.3.1  Design and Selection of Solar PV Array

8.3.2  Design of Boost Converter

8.3.3  Design of VSI

8.3.4  Design of PFC Boost Converter

8.3.5  Design of Common DC Link Capacitor

8.3.6  Design of R-C Filter

8.3.7  Selection of BLDC Motor

8.3.8  Design of Water Pump

Control of Grid Interfaced Solar PV Fed BLDC Motor Drive for Water
Pumping Based on Unidirectional Power Flow Control

8.4.1  Unidirectional Power Flow Control
8.4.2  Speed Control of BLDC Motor

MATLAB Based Modeling and Simulation of Grid Interfaced Solar PV Fed
BLDC Motor Drive for Water Pumping Based on Unidirectional Power Flow
Control

Hardware Implementation of Grid Interfaced Solar PV Fed BLDC Motor
Drive for Water Pumping Based on Unidirectional Power Flow Control

Results and Discussion

8.7.1  Simulated Performance of Grid Interfaced Solar PV Fed BLDC
Motor Drive for Water Pumping Based on Unidirectional Power
Flow Control

8.7.1.1  Steady State Performance
8.7.1.2  Starting Performance
8.7.1.3  Dynamic Performance

8.7.2  Experimental Performance of Grid Interfaced Solar PV Fed BLDC
Motor Drive for Water Pumping Based on Unidirectional Power
Flow Control

8.7.2.1  Steady State Performance

8.7.2.2  Dynamic Performance

8.7.2.3  Starting Performance
Conclusions

CHAPTER IX  BIDIRECTIONAL POWER FLOW CONTROL BASED

9.1

GRID INTERFACED SOLAR PV FED BLDC MOTOR
DRIVE FOR WATER PUMPING

General

Xiii

137
138

139

140
141
142
142
142
143
143
143
144

144
145
145

146

147
148

148
149
149
152

152
157
159
159

161-182

161



9.2

9.3

9.4

9.5

9.6

9.7

9.8

Configuration of Grid Interfaced Solar PV Fed BLDC Motor Drive for Water
Pumping Based on Bidirectional Power Flow Control

Design of Grid Interfaced Solar PV Fed BLDC Motor Drive for Water
Pumping Based on Bidirectional Power Flow Control

9.3.1 Design of Voltage Source Converter
9.3.2  Design of Interfacing Inductor

Control of Grid Interfaced Solar PV Fed BLDC Motor Drive for Water
Pumping Based on Bidirectional Power Flow Control

MATLAB Based Modeling and Simulation of Grid Interfaced Solar PV Fed
BLDC Motor Drive for Water Pumping Based on Bidirectional Power Flow
Control

Hardware Implementation of Grid Interfaced Solar PV Fed BLDC Motor
Drive for Water Pumping Based on Bidirectional Power Flow Control

Results and Discussion
9.7.1 Simulated Performance of Grid Interfaced Solar PV Fed BLDC

Motor Drive for Water Pumping Based on Bidirectional Power Flow
Control

9.7.1.1  Steady State Performance
9.7.1.2  Starting Performance
9.7.1.3 Dynamic Performance

9.7.2  Experimental Performance of Grid Interfaced Solar PV Fed BLDC
Motor Drive for Water Pumping Based on Bidirectional Power Flow
Control

9.7.2.1 BLDC Motor-pump is Fed by Grid Only
9.7.2.2 Gridis Fed by PV Array
9.7.2.3 BLDC Motor-Pump is Fed by Both PV Array and Grid

9.7.2.4  Transition from PV Array and Grid Feeding Pump to PV
Array Feeding Grid

9.7.2.5 Grid Failure Condition
Conclusions

CHAPTER X SOLAR PV FED SENSORLESS BLDC MOTOR DRIVE

10.1
10.2

10.3

FOR WATER PUMPING

General

Classification of Solar PV Fed Sensorless BLDC Motor Drives For Water
Pumping

Configurations of Solar PV Fed Sensorless BLDC Motor Drives For Water
Pumping

10.3.1 Configuration of Two Stage Solar PV Fed Sensorless BLDC Motor

Drive for Water Pumping

10.3.2 Configuration of Single Stage Solar PV Fed Sensorless BLDC Motor

Xiv

162

163

163
164
164

165

166

167
167

167
170
170
173

173
175
178
179

181
181

183-226

183
184

184

184

185



10.4

10.5

10.6

10.7

10.8

10.9

Drive for Water Pumping
Design of Solar PV Fed Sensorless BLDC Motor Drives For Water Pumping

10.4.1 Design of Two Stage Solar PV Fed Sensorless BLDC Motor Drive
for Water Pumping

10.4.1.1 Estimation of Back EMFs from Line Voltages
10.4.1.2 Elimination of False Zero-Crossing Detection
10.4.1.3 Design of Phase Lead Compensator

10.4.1.4 Generation of Commutation Signals

10.4.1.5 Generation of Gating Signals

10.4.2 Design of Single Stage Solar PV Fed Sensorless BLDC Motor Drive
for Water Pumping

10.4.2.1 Elimination of False Zero-Crossing Detection
10.4.2.2 Design of Phase Lead Compensator
Control of Solar PV Fed Sensorless BLDC Motor Drives for Water Pumping

10.5.1 Control of Two Stage Solar PV Fed Sensorless BLDC Motor Drive
for Water Pumping

10.5.1.1 Alignment of Rotor Position
10.5.1.2 Sensorless Starting

10.5.2 Control of Single Stage Solar PV Fed Sensorless BLDC Motor Drive
for Water Pumping

MATLAB Based Modeling and Simulation of Sensorless BLDC Motor Drives
for Solar PV Fed Water Pumping

Hardware Implementation of Sensorless BLDC Motor Drives for Solar PV
Fed Water Pumping

Results and Discussion
10.8.1 Performance of Position Sensorless BLDC Motor Drive

10.8.2 Performance of Sensorless BLDC Motor Drive for Two Stage Solar
PV Fed Water Pumping

10.8.2.1 Simulated Performance
10.8.2.2 Experimental Performance

10.8.3 Performance of Sensorless BLDC Motor Drive for Single Stage Solar
PV Fed Water Pumping
10.8.3.1 Simulated Performance
10.8.3.2 Experimental Performance

Conclusions

CHAPTER XI MAIN CONCLUSIONS AND SUGGESTIONS FOR

FURTHER WORK

11.1 General
11.2 Main Conclusions

XV

185
186

187
188
191
192
193
195

195
196
197
197

198
199
199

199

201

201

201
203

203
208
213

214
219
225

227-233

227
228



11.3  Suggestions for Further Work 232

REFERENCES 234-249
APPENDICES 250-255
LIST OF PUBLICATIONS 256-257

BIO-DATA 258-258

XVi



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

2.1
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11

3.12

4.1
4.2
4.3
4.4
4.5

LIST OF FIGURES

Historical development of solar technology

Classification of solar PV fed BLDC motor driven water pumping systems
Solar PV-boost converter fed water pumping using BLDC motor drive
Solar PV-buck converter fed water pumping using BLDC motor drive
Solar PV-buck-boost converter fed water pumping using BLDC motor drive
Solar PV-Cuk converter fed water pumping using BLDC motor drive

Solar PV-SEPIC fed water pumping using BLDC motor drive

Solar PV-zeta converter fed water pumping using BLDC motor drive

Solar PV-Landsman converter fed water pumping using BLDC motor drive
Solar PV-ZSI fed water pumping using BLDC motor drive

Single stage solar PV fed water pumping using BLDC motor drive

Unidirectional power flow control based grid interfaced solar PV fed BLDC
motor drive for water pumping

Bidirectional power flow control based grid interfaced solar PV fed BLDC
motor drive for water pumping

Proposed PV-boost-BLDC motor-pump

Conventional topology of PV-boost-BLDC motor-pump

Ilustration of INC-MPPT with PV array pp.-Vpy Characteristics

Flow diagram of INC-MPPT algorithm

MATLAB/Simulink model of solar PV fed BLDC motor drive for water
pumping

Developed hardware prototype of the proposed system

Signal conditioning circuit for voltage sensors (a) Schematic diagram (b)
Photograph of voltage sensor board

Signal conditioning circuit for current sensors (a) Schematic diagram (b)
Photograph of current sensor board

Isolation and amplification circuit for gate drivers (a) Schematic diagram (b)
Photograph of opto-isolation and amplification board

Architecture of dSSPACE 1104 (a) Execution of control algorithm (b) CLP 1104
Steady state and starting performances of (a) PV array (c) BLDC motor-pump,
and (b) steady state performance of boost converter

Dynamic performances of (a) PV array (b) BLDC motor-pump

PV array characteristics and MPPT performance at 1000 W/m?

Xvii



Steady state performance of (a) PV array (b) boost converter (c) motor-pump, at
1 kW/m?, and (d) motor-pump, at 200 W/m?

Dynamic performances when the irradiance is (a) decreased from 1000 W/m? to
500 W/m?, and (b) increased from 500 W/m? to 1000 W/m?

Starting performance of motor-pump at 1 kW/m?

Efficiency comparison of proposed and conventional schemes

Price distribution of proposed system in comparison with conventional systems
Proposed PV-buck-BLDC motor-pump

Steady state and starting performances of (a) PV array (c) BLDC motor-pump,
and (b) steady state performance of buck converter

Dynamic performances of (a) PV array (b) BLDC motor-pump

PV array characteristics and MPPT performance at 1000 W/m?
Steady state performance of (a) PV array (b) buck converter (c) motor-pump, at
1 kW/m?, and (d) motor-pump, at 200 W/m?

Dynamic performances when the irradiance is (a) decreased from 1000 W/m? to
500 W/m?, and (b) increased from 500 W/m? to 1000 W/m?

Starting performance of motor-pump at 1 kW/m?

Configuration of proposed PV-buck-boost-BLDC motor-pump

Configuration of proposed PV-Cuk-BLDC motor-pump

Configuration of proposed PV-zeta-BLDC motor-pump

Configuration of proposed PV-SEPIC-BLDC motor-pump

Configuration of proposed PV-Landsman-BLDC motor-pump

Performance of proposed water pumping at 1000 W/m?, (a) PV array variables,
(b) Buck-boost converter variables, (c) BLDC motor-pump variables

Performance of proposed water pumping under varying solar insolation level, (a)
PV array variables, (b) Buck-boost converter variables, (c) BLDC motor-pump
variables

PV array characteristics and MPPT performance at 1000 W/m?

Steady state performance of (a) PV array (b) buck-boost converter (c) motor-
pump, at 1 kW/m?, and (d) motor-pump, at 200 W/m?

Starting performance of motor-pump at 1 kW/m?

Dynamic performance of proposed system under varying insolation level (a) 200
W/m?to 1000 W/m?, (b) 1000 W/m? to 200 W/m?

Performance of proposed water pumping at 1000 W/m?, (a) PV array variables,
(b) Cuk converter variables, (c) BLDC motor-pump variables

Performance of proposed water pumping under varying solar insolation level, (a)

XViii



PV array variables, (b) BLDC motor-pump variables

PV array characteristics and MPPT performance at 1000 W/m?

Steady state performance of (a) PV array (b)-(c) Cuk converter (d) motor-pump,
at 1 kw/m?, and (e) motor-pump, at 200 W/m?

Starting performance of motor-pump at 1 kW/m?

Dynamic performance of proposed system under varying insolation level (a) 500
W/m?to 1000 W/m?, (b) 1000 W/m? to 500 W/m?

Performance of proposed water pumping at 1000 W/m?, (a) PV array variables,
(b) Zeta converter variables, (c) BLDC motor-pump variables

Performance of proposed water pumping under varying solar insolation level, (a)
PV array variables, (b) BLDC motor-pump variables

PV array characteristics and MPPT performance at 1 kW/m?

Steady state performance of (a) PV array (b)-(c) Zeta converter (d) motor-pump,
at 1 kw/m?, and (e) motor-pump, at 200 W/m?

Dynamic performance of proposed system under varying insolation level (a) 200
W/m?to 1000 W/m?, (b) 1000 W/m? to 200 W/m?

Starting performance of motor-pump at 1 kW/m?

Performance of proposed water pumping at 1000 W/m?, (a) PV array variables,
(b) SEPIC variables, (c) BLDC motor-pump variables

Performance of proposed water pumping under varying solar insolation level, (a)
PV array variables, (b) BLDC motor-pump variables

PV array characteristics and MPPT performance at 1 kW/m?

Steady state performance of (a) PV array (b)-(c) SEPIC (d) motor-pump, at 1
kW/m?, and (e) motor-pump, at 200 W/m?

Dynamic performance of proposed system under varying insolation level (a) 500
W/m?to 1000 W/m?, (b) 1000 W/m? to 500 W/m?

Starting performance of motor-pump at 1 kW/m?

Performance of proposed water pumping at 1000 W/m?, (a) PV array variables,
(b) Landsman converter variables, (¢) BLDC motor-pump variables

Performance of proposed water pumping under varying solar insolation level, (a)
PV array variables, (b) BLDC motor-pump variables

PV array characteristics and MPPT performance at 1 kW/m?

Steady state performance of (a) PV array (b)-(c) Landsman converter (d) motor-
pump, at 1000 W/m?, and (e) motor-pump, at 200 W/m?

Starting performance of motor-pump at 1000 W/m?

Dynamic performance of proposed system under varying insolation level (a) 400
W/m?to 1000 W/m?, (b) 1000 W/m? to 400 W/m?

XiX



Fig.7.1

Fig.7.2
Fig. 7.3

Fig. 8.4
Fig. 8.5
(a-b)
Fig. 8.6
(a-c)

Fig. 8.7
(a-d)

Fig. 8.8
(a-c)
Fig. 8.9
Fig. 8.10

BLDC motor driven water pumping based on a single stage solar PV energy
conversion system

Solar PV-ZSI fed BLDC motor driven water pumping system

Control structure of proposed BLDC motor drive for water pumping based on a
single stage solar PV energy conversion system

MATLAB/Simulink model of single stage solar PV fed BLDC motor drive for
water pumping

Developed hardware prototype of the proposed system

Steady state and starting performance of (a) PV array and (b) motor-pump, of
proposed system at 1 kW/m?

Dynamic performance of (a) PV array and (b) BLDC motor, of proposed system

Test results for vp-ppy & Vp-ipy Characteristics of solar PV array at (a) 1000
W/m? (b) 200 W/m?

Test results of proposed system under steady state condition (a) PV array indices
(b) BLDC motor indices (c) Hall sensor indices (d) Hall signals and switching
pulse, at 1000 W/m?, and (e) BLDC motor indices (f) Hall signals and switching
pulse, at 200 W/m?

Test results of proposed system under dynamic variation in irradiance from (a)
400 W/m® to 1 kW/m? and (b) 1 kW/m? to 400 W/m?

Test results of proposed system under starting condition at 1 kW/m?

Efficiency comparison of two stage and single stage PV based schemes
Schematic of proposed water pumping system

Structure of the proposed unidirectional power flow control

MATLAB/Simulink model of proposed solar PV fed water pumping

Developed hardware prototype of the proposed system

Starting and steady state behavior of (a) PV array and (b) BLDC motor-pump,
when only PV array feeds BLDC motor-pump

Steady state behavior of (a) utility grid and (b) BLDC motor-pump, and (c) THD
and harmonic spectrum of supply current, when only utility grid feeds BLDC
motor-pump

Dynamic behavior of (a) PV array (b) utility grid and (¢) BLDC motor-pump,
and (d) THD and harmonic spectrum of supply current, under a transition from
PV feeding pump to both PV and grid feeding pump

Dynamic behavior of (a) PV array (b) utility grid and (c) motor-pump, under a
transition from grid feeding pump to PV array feeding pump

PV array characteristics and MPPT performance at 1000 W/m?
Steady state performance when only the PV array feeds motor-pump

XX



Steady state performance when both PV array and utility grid feed motor-pump
Steady state performance when only utility grid feeds motor-pump

Dynamic performance under (a) rise in radiation level (b) drop in radiation level
(c) grid failure
Starting performance of BLDC motor-pump

Schematic of the grid interactive PV array based water pumping using a BLDC
motor drive

UVT based bi-directional power flow control of VSC

MATLAB/Simulink model of proposed grid interactive solar PV fed water
pumping

Steady state and starting performance of (a) PV array, and (b) BLDC motor-
pump, when only PV array feeds BLDC motor-pump

Steady state performance of (a) utility grid and (b) BLDC motor-pump, and (c)
harmonic spectrum of supply current, when only utility grid feeds water pump

Steady state response of (a) PV array and (b) utility grid, when water pumping is
not required

Dynamic response of (a) PV array (b) utility grid and (c) BLDC motor-pump,
under a transition from grid feeding pump to PV array feeding grid

Dynamic performance of (a) PV array (b) utility grid and (d) BLDC motor-
pump, and (c) harmonic spectrum of supply current, under a transition from PV
array feeding pump to both PV array and grid feeding pump

PV array characteristics and MPPT performance at 1000 W/m?

Steady state performance, when the BLDC motor-pump is fed by grid only (a)
grid indices (b) grid and motor-pump indices (c) power quality at utility grid
Steady state performance of (a) PV array (b)-(c) utility grid, and (d) power
quality at utility grid, when PV array feeds grid at 1000 W/m?

Steady state performance of (a) PV array (b) utility grid, and (c) power quality at
utility grid, when PV array feeds grid at 400 W/m?

Dynamic performance of (a) PV array and (b)-(c) utility grid, when PV array
feeds grid under a variation in radiation level from 1000 W/m?to 700 W/m?

Dynamic performance of (a) PV array and (b) utility grid, when PV array feeds
grid under a variation in radiation level from 700 W/m?to 1000 W/m?

Steady state performance, when BLDC motor-pump is fed by both PV array and
grid (a) PV array, grid and BLDC motor indices (b) power quality indices of
utility grid

XXi



Fig.

9.16

(a-b)

Fig.

9.17

(a-b)

Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

9.18
10.1

10.2

10.3
10.4

10.5
10.6
10.7
10.8
10.9
10.10

10.11
10.12
10.13
10.14
10.15

10.16

10.17
10.18
10.19

(a-b)

Fig.

Fig.

10.20

10.21

(a-b)

Fig.

10.22

Dynamic performance, when BLDC motor-pump is fed by both PV array and
grid (a) radiation reduces form 1000 W/m? to 400 W/m? (b) radiation increases
form 400 W/m? to 1000 W/m?

Dynamic performance under the transition from PV array and grid feeding pump
to PV array feeding grid (a) grid indices (b) grid and motor-pump indices
Dynamic performance under grid failure

Configuration of position sensorless BLDC motor drive for two stage solar PV
fed water pumping

Configuration of position sensorless BLDC motor drive for single stage solar PV
fed water pumping

Functional sequence of the back-EMF zero-crossing based sensorless technique

Experimental waveforms of estimated back EMF, filtered back EMF and
compensated back EMF of phase ‘a’

Plot of phase lag with the cut-off frequency of LPF

Plot of phase lag with the speed

Experimentally recorded phase lag

Bode plot of phase lead compensator

Experimentally recorded phase lag with phase lead compensator

Validation of phase lag compensation using the recorded waveforms of
estimated back-EMF (ea,), filtered estimated back-EMF (e,) and compensated
estimated back-EMF (eap)

Generation of commutation signals

Generation of gating signals

Experimentally recorded phase lag

Experimentally recorded phase lag with phase lead compensator

MATLAB/Simulink model of sensorless BLDC motor drive for two stage solar
PV fed water pumping

MATLAB/Simulink model of sensorless BLDC motor drive for single stage
solar PV fed water pumping

Simulation results for the position sensorless operation of BLDC motor
Experimental results for start-up and sensorless running of BLDC motor drive

Starting and steady state performance of sensorless BLDC motor drive for two
stage PV fed water pumping, at 1000 W/m? (a) PV array indices (b) BLDC
motor indices

Intermediate signals of sensorless BLDC motor drive for two stage PV fed water
pumping, under starting and steady state condition at 1000 W/m?

Dynamic performance of sensorless BLDC motor drive for two stage solar PV
fed water pumping (a) PV array indices (b) BLDC motor-pump indices

Intermediate signals of sensorless BLDC motor drive for two stage PV fed water

XXii



Fig. 10.23
(a-b)
Fig. 10.24
(a-h)
Fig. 10.25
(a-h)
Fig. 10.26
(a-b)
Fig. 10.27
(a-f)

Fig. 10.28
(a-b)

Fig. 10.29

Fig. 10.30
(a-b)
Fig. 10.31

Fig. 10.32
(a-h)
Fig. 10.33
(a-b)
Fig. 10.34
(a-h)
Fig. 10.35
(a-b)
Fig. 10.36
(a-f)

pumping, under dynamic condition at 1000 W/m?

PV array power-voltage and current-voltage characteristics at (a) 1 kW/m? and
(b) 200 W/m?

Experimental starting performance of sensorless BLDC motor drive for two
stage solar PV fed water pumping at (a)-(g) 1 kW/m? and (h) 200 W/m?

Experimental steady state performance of sensorless BLDC motor drive for two
stage solar PV fed water pumping at 1 kW/m?

Experimental steady state performance of sensorless BLDC motor drive for two
stage solar PV fed water pumping at 200 W/m?

Experimental dynamic performance of sensorless BLDC motor drive for two
stage solar PV fed water pumping under the variation of irradiance level from
(a)-(c) 400 W/m? to 700 W/m? and (d)-(f) 900 W/m? to 600 W/m?

Starting and steady state performance of sensorless BLDC motor drive for single
stage solar PV fed water pumping, at 1000 W/m? (a) PV array indices (b) BLDC
motor-pump indices

Intermediate signals of sensorless BLDC motor drive for single stage PV fed
water pumping, under starting and steady state condition at 1000 W/m?

Dynamic performance of sensorless BLDC motor drive for single stage solar PV
fed water pumping (a) PV array indices (b) BLDC motor-pump indices

Intermediate signals of sensorless BLDC motor drive for single stage PV fed
water pumping, under dynamic condition at 2000 W/m?

Experimental starting performance of sensorless BLDC motor drive for single
stage solar PV fed water pumping at 1 kW/m?

PV array power-voltage and current-voltage characteristics at (a) 1 kW/m? and
(b) 200 W/m?

Experimental steady state performance of sensorless BLDC motor drive for
single stage solar PV fed water pumping at 1000 W/m?

Experimental steady state performance of sensorless BLDC motor drive for
single stage solar PV fed water pumping at 200 W/m?

Experimental dynamic performance of sensorless BLDC motor drive for single
stage solar PV fed water pumping under the variation of irradiance level from
(a)-(c) 600 W/m? to 900 W/m? and (d)-(f) 900 W/m? to 600 W/m?

XXiii



Table 2.1
Table 4.1
Table 4.2
Table 6.1
Table 6.2

LIST OF TABLES

Standards, Testing and Quality Requirements for Solar PV Systems
Switching States for Electronic Commutation of BLDC Motor
Comparison of Conventional and Proposed Scheme

Estimation of Cuk Converter Parameters

Comparison of DC-DC Converters

XXiV



LIST OF ABBREVIATIONS

AC Alternating Current

ADC Analog to Digital Converter

ANN Artificial Neural Network

BIS Bureau of Indian Standards

BLDC Brushless DC

CCM Continuous Conduction Mode

CEC Clean Energy Council

CER Clean Energy Regulator

CLP Connector LED Panel

CPU Central Processing Unit

CSC Canonical Switching Cell

CSlI Current Source Inverter

DAC Digital to Analog Converter

DC Direct Current

DSP Digital Signal Processor

DTC Direct Torque Control

EMF Electromotive Force

EMI Electro-magnetic Interference

FL Fuzzy Logic

IC Integrated Circuit

IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
IGBT Insulated Gate Bipolar Transistor
IGCT Integrated Gate Commutated Thyristor
IM Induction motor

InC Incremental Conductance

LED Light Emitting Diode

LPF Low Pass Filter

MNRE Ministry of New & Renewable Energy
MPPT Maximum Power Point Tracking
NASA National Aeronautics and Space Administration

XXV



Op-Amp
P&O
PD
PFC

Pl

PLL
PMSM
PQ

PV
PWM
RMS
SEPIC
Si
SRM
STC
SyRM
TCDIC
THD
TIBC
TIBuck
UPF
UvT
VSC
VSI
ZSl

Operational Amplifier

Perturbation and Observation

Positive Displacement

Power Factor Corrected
Proportional-Integral

Phase Locked Loop

Permanent Magnet Synchronous Motor
Power Quality

Photovoltaic

Pulse Width Modulation

Root Mean Square

Single Ended Primary Inductor Converter
Silicon

Switched Reluctance Motor

Standard Test Condition

Synchronous Reluctance Motor
Transformer Coupled Dual Input Converter
Total Harmonic Distortion

Two Inductor Boost Converter

Two Input Buck

Unity Power Factor

Unit Vector Template

Voltage Source Converter

Voltage Source Inverter

Z-Source Inverter

XXVi



a

Cy

Ct

Cov

D, Dy, Dy
€a, €n, €c
€af, €bf, Ecf
€an €bn; Ecn
€ap, Eops Ecp
frated

fsw, fswl, fswz
G(s)

Hi, Ha, H3
ic

|dc

IL I, 2
Im, Vim

Impp, Vinpp, Prmpp
ipvs Vov, Pov
Is

is

Isa; s, Isc

L, Ly, Lo

LIST OF SYMBOLS

Overloading factor

Capacitor at the DC bus of VSI (uF)

Intermediate capacitor (uF)

Capacitor of the R-C ripple filter (uF)

Capacitor across the PV array (uF)

Duty ratios

Back-EMFs of BLDC motor (V)

Filtered estimated back-EMFs of BLDC motor (V)
Estimated back-EMFs of BLDC motor (V)

Phase lead compensated back-EMFs of BLDC motor (V)
Frequency of input voltage corresponding to the rated speed (Hz)
Switching frequencies (Hz)

Transfer function of the phase lead compensator

Hall-effect signals

Current through the DC bus capacitor of VSI (A)

Current at the DC bus of VSI (A)

Currents flowing through the inductors (A)

Solar PV module current (A) and voltage (V) at MPP

Solar PV array current (A), voltage (V) and power (W) at MPP
Solar PV array current (A), voltage (V) and power (W)

Utility grid current (A)

Reference utility grid current (A)

Stator currents of BLDC motor (A)

Amplitude of fundamental component of utility grid current (A)
Moment of inertia of the BLDC motor (kg.cm?)

Magnitude constant of the phase lead compensator

Pump constant [W/(rad/sec)’]

Voltage constant of BLDC motor (V/krpm)

Torque constant of BLDC motor (Nm/A)

Inductors (mH)

Interfacing inductor (mH)

XXVii



Ls

m

N
Nrated
Ns, Np
P

Pm

R

Ts

Tsw2

Vab, Vbes Vea
Van, Von, Ven
Ve

Vd

Vs

Inductance of stator windings of BLDC motor (mH)
Modulation index

Instantaneous speed of BLDC motor-pump (rpm)
Rated speed of BLDC motor-pump (rpm)
Numbers of PV modules connected in series and parallel
Number of poles

Power (rated) of BLDC motor (W)

Resistance of the R-C ripple filter (Q)

Resistance of stator windings of BLDC motor (Q)
Solar irradiance (W/m?)

Switching pulses to the VSI

Fundamental frequency pulses

Time constant of the phase lead compensator
Electro-magnetic torque (Nm)

Pump load torque (Nm)

Sampling rate

Switching time of the PFC boost converter (s)
Line voltages of VSI (V)

Phase voltages of VSI (V)

Voltage across intermediate capacitor (V)

Output DC voltage of the bridge rectifier (V)
Voltage at the DC bus of VSI (V)

Reference voltage at the DC bus of VSI (V)
Utility grid voltage (V)

Vvsc, lvse, VAvsc Voltage (V), current (A) and VA (kVA) rating of the VSC

Vs, Ivsi, VAys Voltage (V), current (A) and VA (kVA) rating of the VSI

Za, Zb, Zc Commutation signals for gating signals’ generation

AD Perturbation in the duty ratio

AlL, Alg, Al Permitted ripples in the currents through the inductors (A)

Alysc Permitted ripple in the current through the interfacing inductor (A)
AV Permitted ripple in the voltage across intermediate capacitor (V)
AV Permitted ripple in the voltage at the DC bus of VSI (V)

n Efficiency (%)

0 Rotor position (°)

XXViii



61 Phase angle of utility grid voltage at fundamental frequency (°)

04 Delay angle of filtered estimated back-EMF (°)

) Speed or frequency (rated) of BLDC motor (rad/sec.)

¢ Cut-off frequency of the low pass filter (rad/sec.)

Wc1 Zero crossover frequency of the phase lead compensator (rad/sec.)
Wc2 Pole crossover frequency of the phase lead compensator (rad/sec.)

WL Line frequency of the utility grid (rad/sec.)

Wrated Frequency of input voltage corresponding to the rated speed (rad/sec.)

XXiX



	Rajan Kumar 2012EEZ8357.pdf
	Front Cover
	RAJAN KUMAR

	Copyright
	Cover
	RAJAN KUMAR
	Electrical Engineering Department
	Submitted
	in fulfillment of the requirements of the degree of Doctor of Philosophy
	to the

	Certificate
	Blank
	Acknowledgement
	Blank
	Abstract
	Abstract Hindi
	Chapter Outline
	List of Figures
	Blank
	List of Tables
	Blank
	List of Abr.
	List of symbol
	Blank
	C1
	Blank
	C2
	Blank
	C3
	Blank
	C4
	C5
	C6
	C7
	Blank
	C8
	C9
	C10
	C11
	Blank
	References
	Appendix
	Publications
	Biodata
	Blank
	Rajan Kumar 2012EEZ8357.pdf
	Front Cover
	RAJAN KUMAR

	Copyright
	Cover
	RAJAN KUMAR
	Electrical Engineering Department
	Submitted
	in fulfillment of the requirements of the degree of Doctor of Philosophy
	to the

	Certificate
	Blank
	Acknowledgement
	Blank
	Abstract
	Abstract Hindi
	Chapter Outline
	List of Figures
	Blank
	List of Tables
	Blank
	List of Abr.
	List of symbol
	Blank
	C1
	Blank
	C2
	Blank
	C3
	Blank
	C4
	C5
	C6
	C7
	Blank
	C8
	C9
	C10
	C11
	Blank
	References
	Appendix
	Publications
	Biodata
	Blank

	Rajan Kumar 2012EEZ8357.pdf
	Front Cover
	RAJAN KUMAR

	Copyright
	Cover
	RAJAN KUMAR
	Electrical Engineering Department
	Submitted
	in fulfillment of the requirements of the degree of Doctor of Philosophy
	to the

	Certificate
	Blank
	Acknowledgement
	Blank
	Abstract
	Abstract Hindi
	Chapter Outline
	List of Figures
	Blank
	List of Tables
	Blank
	List of Abr.
	List of symbol
	Blank
	C1
	Blank
	C2
	Blank
	C3
	Blank
	C4
	C5
	C6
	C7
	Blank
	C8
	C9
	C10
	C11
	Blank
	References
	Appendix
	Publications
	Biodata
	Blank

	Rajan Kumar 2012EEZ8357.pdf
	Front Cover
	RAJAN KUMAR

	Copyright
	Cover
	RAJAN KUMAR
	Electrical Engineering Department
	Submitted
	in fulfillment of the requirements of the degree of Doctor of Philosophy
	to the

	Certificate
	Blank
	Acknowledgement
	Blank
	Abstract
	Abstract Hindi
	Chapter Outline
	List of Figures
	Blank
	List of Tables
	Blank
	List of Abr.
	List of symbol
	Blank
	C1
	Blank
	C2
	Blank
	C3
	Blank
	C4
	C5
	C6
	C7
	Blank
	C8
	C9
	C10
	C11
	Blank
	References
	Appendix
	Publications
	Biodata
	Blank

	Rajan Kumar 2012EEZ8357.pdf
	Front Cover
	RAJAN KUMAR

	Copyright
	Cover
	RAJAN KUMAR
	Electrical Engineering Department
	Submitted
	in fulfillment of the requirements of the degree of Doctor of Philosophy
	to the

	Certificate
	Blank
	Acknowledgement
	Blank
	Abstract
	Abstract Hindi
	Chapter Outline
	List of Figures
	Blank
	List of Tables
	Blank
	List of Abr.
	List of symbol
	Blank
	C1
	Blank
	C2
	Blank
	C3
	Blank
	C4
	C5
	C6
	C7
	Blank
	C8
	C9
	C10
	C11
	Blank
	References
	Appendix
	Publications
	Biodata
	Blank

	Rajan Kumar 2012EEZ8357.pdf
	Front Cover
	RAJAN KUMAR

	Copyright
	Cover
	RAJAN KUMAR
	Electrical Engineering Department
	Submitted
	in fulfillment of the requirements of the degree of Doctor of Philosophy
	to the

	Certificate
	Blank
	Acknowledgement
	Blank
	Abstract
	Abstract Hindi
	Chapter Outline
	List of Figures
	Blank
	List of Tables
	Blank
	List of Abr.
	List of symbol
	Blank
	C1
	Blank
	C2
	Blank
	C3
	Blank
	C4
	C5
	C6
	C7
	Blank
	C8
	C9
	C10
	C11
	Blank
	References
	Appendix
	Publications
	Biodata
	Blank

	Rajan Kumar 2012EEZ8357.pdf
	Front Cover
	RAJAN KUMAR

	Copyright
	Cover
	RAJAN KUMAR
	Electrical Engineering Department
	Submitted
	in fulfillment of the requirements of the degree of Doctor of Philosophy
	to the

	Certificate
	Blank
	Acknowledgement
	Blank
	Abstract
	Abstract Hindi
	Chapter Outline
	List of Figures
	Blank
	List of Tables
	Blank
	List of Abr.
	List of symbol
	Blank
	C1
	Blank
	C2
	Blank
	C3
	Blank
	C4
	C5
	C6
	C7
	Blank
	C8
	C9
	C10
	C11
	Blank
	References
	Appendix
	Publications
	Biodata
	Blank



