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Summary:

This thesis presents an optimal design of a smart power grid based on distributed
renewable energy generation, especially photovoltaic (PV) and wind turbines (WT).
This includes optimal allocation and sizing to minimize the total power losses,
minimize the total investment cost and improve the voltage stability. This thesis also
proposes an advanced smart control for PV and WT systems aiming to track the
maximum power, to control active and reactive power in order to deliver high power
quality. Finally, dynamic modeling and simulation is presented to monitor the
proposed systems and its mutual interactions to the tested power network.



ACKNOWLEDGEMENT

First of all, I Praise ALLAH, the almighty, merciful and passionate, for providing me
this opportunity and granting me the capability to proceed. I would like to express my
sincere gratitude to my advisor Prof. Hosam Kamal Mohamed Youssef for the
continuous support of my Ph.D. study and related research, for his patience, motivation,
and immense knowledge. His guidance helped me during the time of research and
writing of this thesis. I want to express my deep thanks to my advisor Prof. Faten
Hosny Hussein Fahmy for the trust, the insightful discussion, offering valuable advice,
for patience and guidance during the whole period of the study. I would like to thank
Prof. Abdel Shafy Abdel-Kadr Nafeh for all his advice and support. Besides my
advisors, I would like to thank and appreciate the rest of my thesis committee: Prof.
Mohamed Abdel-Latif Badr & Prof. Mohamed Salah EI-Sobki, for their insightful
comments and encouragement, and also for the questions which helped me to widen my
research from various perspectives. My sincere thanks and appreciation also go to Prof-
Mohamed Ahmed Hassan El-Sayed who helped me in preparing the research proposal
of my thesis and also for his continuous support and encouragement. I would like to
express my heartfelt gratitude to My Beloved Mother, without her continuous love,
Prayer, support and encouragement I never would have been able to achieve my goals. I
am also grateful to all my family members for the continuous encouragement, concern
and support. Last but not the least; I would like to thank my colleagues at the
Electronics Research Institute for their cooperation and encouragement during the

execution of my work.



DEDICATION

This Thesis Is Dedicated To:
The Soul of My Beloved Father



TABLE OF CONTENTS

ACKNOWLEDGEMENT .......ooiiiiiiieieeestee ettt sttt I
DEDICATION ...ttt ettt ettt et ettt et e st esteesbeeseesseenseesaasseenseensenseensenseens II
TABLE OF CONTENTS ...ttt st et 11
LIST OF TABLES ...ttt st st VII
LIST OF FIGURES ... .ottt ettt aeeneens VIII
LIST OF SYMBOLS AND ABBREVIATIONS.......ooiiiiiieieeeeeeee e X1
ABSTRACT .ttt ettt sttt et st be et e neenbe e e XVIII
CHAPTER 1 : INTRODUCTION.......ccuteiiiieieeiesiteie ettt 1
1.1 Problem Definition and Background.............cccccoevvieriieniiniieieniecee e 1
1.2 Objectives Of the ThesiS.......ccuiiiiieiiieiieiie ettt 1
1.3 Thesis Organization ............coccoeererienienieeieneenie ettt sttt 2
CHAPTER 2 : DISPERSED RENEWABLE ENERGY GENERATION FOR SMART
POWER GRID: AN OVERVIEW .....oooiiiiiiiiicieiee ettt 3
2.1 INETOAUCHION. ettt ettt ettt et et e st e b e 3
2.2 Renewable Energy Sources (RES) Based DG.........cccevviieiiienienciiiieeieeeeee, 3
2.3 PV Solar Generation SYSTEMS.......c.cecueriererriirienieienienieenieneesie et sieenee e 5
2.3.1  Electrical characteristics 0f PV System ..........ccccceeviriiiiiiiiniiiiieieeieeee 5
2.4 Wind Turbine Generation SYStEIMS........cccueerierirerieeriieerireereeieeereesseesreesseenenes 6
2.4.1 Fixed speed Operation..........cccveeeeeiieeieiieeciee et e 7
2,42  Variable speed OPETation ........c.eevueerieeiiienieeieeiieeieeiee ettt iee e eeens 8
2.5  WiInd Energy in EZYPL ....oooviiiiiiiiiiiieeeeeee ettt 8
2.6  Interfacing PV and Wind with the Electric Grid .........cccccoceveriiniininninnnnns 10
2.6.1  PVoINterZration ..c.ccoueeiiriiiniieienieeienteete ettt ettt et sae s sae e 10
2.6.2  WiInd int@EratioN........c.cecurerieerieenieeriienteeieesreesreesseesseessseeseessseenseessseenne 10
2.6.3  Back-to-back PWM converter for DFIG.........c.cccoooiiiiiiiiiie 10
2.7  Optimization of Solar PV and Wind for Smart Grid ............ccccoeviiniieninnnnne. 11
2.8  Control of Solar PV and Wind for Smart Grid.........ccccecerieininiinieninienceens 12

CHAPTER 3 : OPTIMAL RENEWABLE DISTRIBUTED GENERATION SIZING
AND ALLOCATION USING SINGLE-OBJECTIVE GENETIC OPTIMIZATION..14

3.1 INEOAUCHION. ..c.tiieiiieiieeie ettt ettt e re e e b e et e ebeesabeesbeeesaeensaennseenns 14
3.2 Problem FOrmulation ..........cccveeiiiiiiiiieiiie e 14
3.2.1  ODbJectiVe TUNCLION ....veeeiieiieciiieiiecie ettt ee e e e 15
3.2.2  COMNSIAINES ...eeeiieiiieiieeieeiee et eiee et e esteeebeebeessaeeteeenseesseessseenseessseenseensnes 16
3.2.2.1 Equality CONSIAINES. ....c.eeriieiieiieeieeiteeieeeiee et siee e siee e seee e eee 16
3.2.2.2 Load FIow Method..........cocuiiiiiiiiieiieieeieeie et 16



3.2.2.3 Inequality CONSIrAINTS ......ccuieriierieeiieniieeieeiee et esteeereeeee e eaeeeeaeeeens 18

a) Thermal capacity limit CONSraints ...........ccceeveiriiierieniieie e 18

b) Generation capacity CONSLIAINLS. .......eevueereieriierieeiienie et 19

C) Bus voltage HMit........cccieiiiiiiiiiieiieeieece e 19

3.3 DG MOAEIING ..ottt s 19
3.3.1  PV-generating DG unit model...........c.ccoceriiniiiiniiniininiecceceee 20
3.3.2  Wind turbine-generating DG unit model..........c..cccoevvieriiniinienieceee. 20
3.4  GA Optimization Using MATLAB .......ccccooiiiiiniiiicecececeee 20
3.5  Results and DiSCUSSION ...c.eeriiiriiiiiieiiieiieiie ettt 22
3.5.1  Case L: single DG 10CatioN.........ccueriieiieiiieiieeie ettt 23
3.5.2  Case II: multiple DG 10Cations .........cccceeriieriieniieiienieeiiece e 26
3.5.2.1 PV allOCAtION.....oiiiiiiiiiieiie ettt 27

Q) 33-DUS SYSTEIM ..eeuiiieiiieieiieiieeiie ettt ettt e ebeesteeebe et e eseeseeseseeseessseenseens 27

D) 09-DUS SYSTEIM ..ottt ettt 28

C)  119-DUS SYSLEIM ...ttt sttt 30
3.5.2.2  WTG allOCAtION. ...cueiiieiieiiesiieieete sttt 32

Q) 33-DUS SYSTEIM ..eouiiieiiieiieeiieiee ettt ettt ettt ettt ettt st et 32

D) 09-DUS SYSTEIM ..ottt 33

C)  119-DUS SYSLEIM c..uvieiiieiieeiieciie ettt ettt ettt e et ebeebeessbeenseeas 35
3.5.2.3 Comparative analysiS........cceeveerieeriierieeieenieeieeseeereesseeeseesseessneeseens 37

3.6 SUIMIMATY .eeetiiiieiieeieece ettt ettt st et enee s eene 39

CHAPTER 4 : OPTIMAL RENEWABLE DISTRIBUTED GENERATION SIZING
AND PLACEMENT USING HYBRID MULTI-OBJECTIVE GENETIC/FUZZY

OPTIMIZATION ...ttt ettt et ettt et et b et eatesaeenbesatesneenneas 40
4.1 INrOAUCHION. ...eeiiiieiieiieie ettt et eee s nne e 40
4.2 Problem FOrmulation ..........cccccooiiiiiiiiiiiiiieiee e 40
4.3 ODbjJectiVe FUNCHIONS ....c.eeviieiiieiieciieeiieete ettt e enns 41

4.3.1  Power l0Ss€s MINIMIZAtION ...c..eruieuieiiniieiieieeitesieee e 41
4.3.2 DG system cOSt MINIMIZAtION .....eevveeurermienienienieenieeteneenie e eieenre e 41
4.3.3  Voltage stability improvement ............cccvevuveeeieerieeiieenieeieenieereeseeeseveenns 42
4.4  Multi-objective Optimization and Pareto Dominance Concept............c..c....... 42
4.5 FUZZY S€t TREOTY ..cuviriiiiiiiiieeeee e 44
4.6 Results and DiSCUSSION .....cc.evuieruieiierieniieiertete ettt s 46
4.6.1 Scenario I: PV generation system allocation.............ccceecveeveerieeieeneennen. 46
4.6.2  Scenario II: Wind generation system allocation............ccccecevveneeniennenne. 52
4.6.3  Comparative analySiS......c.cccverieeiiieriieiienieeiienieereesieeeseesseessneeseeseneenns 57
A 11110 0T oy TSR 59



CHAPTER 5 : VOLTAGE STABILITY ANALYSIS OF RENEWABLE ENERGY

BASED DGS FOR RADIAL DISTRIBUTION SYSTEMS .....ooooiiiiieeieeeeeeee e 61
5.1 INrOAUCHION. ..coutiiiiiiieieeie ettt et see e 61
5.2 Voltage StabIlity ....ccveeiieiiieiieeie ettt e 61

52.1  P-Vand Q-V curve analysis ......cccccecuereereriinieiienieneeieeecnieeieeeesie e 61
522 Load MOAELS ....oovuiiiiiiiiieiieiecee e 62
5.2.2.1 Constant power (CP) load.........cccceouieriieiiieniieiieeeceeeeeee e 62
5.2.2.2 Constant current (CI) load ........ccoovieiiiiiiiiiii e 62
5.2.2.3 Constant impedance (CZ) 1oad .........ccccoevvieriirciienieeieeieeieeee e 62
5.2.2.4 CompoSite 10ad ......ccvieviiiiiiiiiieiiicieecie et 63
5.2.3  Solution methodology ........cccceeiiviriiiniiiiiiieee e 63
5.3 Results and DISCUSSION .......ccoueriirieriieieiieieeie ettt 63
53,1 33-DUS SYSIEIM c.eiiiiieiiieciieeiie et ettt ettt et eete e eebeeesaeeraeenbeebeennnas 63
5.3.2  09-DUS SYSTEIM ...eouiiieiiiiiiieiie ettt ettt e 68
533 119-DUS SYSTEIM ...eouviiiiiieiieeieeciie ettt ettt e et eaeesseeenseenseeesseenns 72
54 SUIMMATY c..eiiiiiieeiiieeciieeriteetee ettt e et e e et e e e teeeesteeesabeeessseeessseeesnseesnsseesnsseesnnns 77

CHAPTER 6 : INTELLIGENT CONTROL OF THREE PHASE INVERTERS FOR

SMART GRID PV SYSTEMS ...ttt 78
6.1  Introduction and Problem Statement .............ccceeviieiiieniienieniieieeee e, 78
6.2 Control Of PV SyStEMS ....cc.eevviriiiiiiiiiiiiciecicnteceestee et 78
6.3 System MoOdEIlINg .......cc.eeviiiiiiiiieiiecieeeeee et 79

6.3.1 PV array system model..........cccoooviiiiiiiiiiiieeiieeeeeee e 80
6.3.2  Inverter MOdel ........ooeiiiiieiieeie e 82
6.3.3  Phase Locked LoOp (PLL)....cccooiiriieiiieiieeeeeeeeee et 83
6.4  Control of the Three Phase VSC.......cccoooviiiiiiiieiiieiieeeeeee et 83
6.4.1 PV-side controller - MPPT ........ccccoiiiiiiiiieeeeeeeeee e 84
6.4.1.1 The Perturb and Observe method ...........c.ccovveviieiiiiiiiiniiciiceeeieee 84
6.4.1.2 Fuzzy logic-based MPPT .........cccooviiiiieiieiieeeeeeeee e 84
6.4.2  Grid-side CONtrOIIET .......coeiuiiieiiieeiie e e 86
6.4.2.1 DC voltage cONtroller..........ccovveriieiiieriieiierie ettt 86
6.4.2.2 The Current Controllers..........ccccueeeuieriieiiienieeiierie e 87
6.4.2.3 Reactive pOWET CONLIOL .......ceeiiiieiiiieiiie et 88

6.5  System SIMUIATION .....coviiiiieiieie ettt et enne 90
6.6  Results and DISCUSSION .......cocueeiirieriiiieriieieeie e 94
6.6.1  Optimal PI tuning using GA .......cc.coceriiiiriiniiiceieeeeeeceeeeee e 95
6.6.2  Unity PF operation mode...........ccceeevieiiiiniieniienieeiee e 97
6.6.3  Reactive Power Generation Mode...........c.cccuveviieiienieeiiienieeieeieeeeenn 103



6.6.4  119-bus system case StUAY.......cccveriieiiierieeiieie et 109

6.7 SUITINIATY ..ecneviiiieiieeieeete ettt sttt et st et esaneeneesaneeneens 113
CHAPTER 7 : INTELLIGENT CONTROL OF DFIG WIND TURBINE FOR SMART
GRID ettt et sttt et a et et b et nt e a et naes 114

7.1 INErOAUCHION. .. .eiiiiiieeiie ettt ettt ettt e e ebe e e e beeesabeeesnseeenaseaens 114

7.2 Problem formulation...........cccooieriiiiiniinieieseeee s 114

7.2.1  Components of DFIG wind turbine system............ccceeveevveriieenrienveennens 114
7.2.2  DFIG-Wind Turbine Modeling and Control ...........cccccoeeveniinecncnnenne. 116
7.2.2.1 Grid-Side Converter Controller ............cceceeverienerienieieiereeeee 116
7.2.2.2 Rotor-Side Converter Controller ...........cocceecevieneriienieneeieniereeee 116
7.2.2.3 Pitch angle controller.............coovieiiiiiiiiiii e 117

7.3 GA/PSO-Based PI Controller TUNiNg.........ccccoeveevieeirenienieeiieeieesieesveeeeens 118

7.4  System SIMUIATION .....cccvieiiiiiiieiieeie ettt ettt teesereebeeseseennee s 121

7.5  Results and DiSCUSSION ......ccccuvieeiiiieeiiieeiieeeiee ettt eree e e e ereeeeaveeens 123

7.5.1  33-bus SyStem CaSE STUAY.....eeeviiruieriieriieeieeiie e eiee e e eveereeeere e 127
7.5.2  119-bus system Case StUAY......c.ccovuerrvierieriiieiieeie et e 130

7.6 SUITINIATY ..ueviiiiieiieeieeeit ettt ettt et e bt e sae e ereesaneeneesaneenneens 134
CHAPTER 8 : CONCLUSIONS AND RECOMMENDATIONS ......cccceeiivieiennne. 135
APPENDICES ...ttt ettt ettt st b et et sae et saeesaeenae s 139
Appendix A: IEEE 33-Bus Test Radial System Data ..........cccoooeeiiiiiniiinieiiieceee. 139
Appendix B: IEEE 69-Bus Test Radial System Data.............cccceeiiiiiiniiiniiniieee. 142
Appendix C: IEEE 119-Bus Test Radial System Data............ccccceevieriienienieeiieenene 147
Appendix D: Park’s (dq) Transformation..........c.cceeeeveereieeeiieeeiie e e 154
| S (5] (=) 1 (oL SRR 155

Vi



Table 3-1

Table 3-2:
Table 3-3:
Table 3-4:
Table 4-1:
Table 4-2:
Table 4-3:
Table 4-4:
Table 4-5:
Table 4-6:
Table 5-1:
Table 5-2:
Table 5-3:
Table 6-1:
Table 6-2:
Table 6-3:
Table 6-4:
Table 7-1:
Table 7-2:
Table 7-3:

LIST OF TABLES

: Optimization results of multiple DG allocation...........cccccoecveevieniienicnnnenne. 26
Comparative results of single objective optimization for 33-bus................. 38
Comparative results of single objective optimization for 69-bus................. 38
Comparative results of single objective optimization for 119-bus............... 39
Values of technical objective functions before and after DG installation ....48
Optimization results for PV allocation ...........c.cccceevevieriiniiienieniieciecieeens 49
Optimization results for wind allocation...........cccceeeieriiniiiniieniiieeees 54
Comparison of 33-bus SysStem reSults .........cceeeeerieeciierieeiiienieeieeree e 58
Comparison of 69-bus System reSults ..........cceceeriiriiieniieniieiie e 59
Summary of 119-bus system reSults ..........ceecvieeriiieriiiieeiiieeieeeeeeeeeeiee 59
Critical bus analysis for 33-bus radial system at different load models....... 67
Critical bus analysis for 69-bus radial system at different load models ....... 71
Critical bus analysis for 119-bus radial system at different load models .....75
Design Parameters of 1 MW PV AITay .....ccccoeviiriiinieeiieiececeeee e 80
Technical Specification of the PV module ............cccooiiiiiiiiie, 81
Design parameters of the PV arrays under study.........c.cceeeevciieniencieenneennee. 82
Tuned parameters of PI controllers using GA .........cocevieviiiinienenicneenns 95
Parameters of the tested WT .......cc.coooiiinininniccccccceeeeee 121
Tuned parameters of PI controllers- GA optimization ............c.ccceeveeeueennee. 124
Tuned parameters of PI controllers- PSO optimization.............cccceeeneeee. 124

VI



LIST OF FIGURES

Figure 2.1: General overview of smart grid based renewable distributed generation [7] 4

Figure 2.2: photovoltaic effect in an irradiated solar cell...........ccoceveriiniiniiiinienenee 5
Figure 2.3: Equivalent circuit of photovoltaic cell...........cccooiiiiiiiiiiiiiee 6
Figure 2.4: Typical I-V and P-V characteristics of solar cell.........ccccoooerieniiiiniencnnene. 6
Figure 2.5: Schematic diagram of wind power system ...........cccccoveeveriieneeneeiicneenennene 7
Figure 2.6: Fixed speed operation of WT.......c.oooviiiiiiiiiiiiiiiieeieccieeeeee e 7
Figure 2.7: Variable speed based synchronous generator WT ..........ccccceciniinincnennncnnn. 8
Figure 2.8: Variable speed based DFIG-WT.........ccccooiiiiniiniiiiieeeeceeee e 8
Figure 2.9: Wind regime map for Egypt (wind atlas for EQypt) ........cccceovieniniiniincnnne. 9
Figure 2.10: Back-to-back connected power CONVETter...........ccceevuereeriieieeneenieriencennens 11
Figure 3.1: Radial Power System Layout..........ccccoceiiiniiiiiniinininiecccneceeeseeenn 17
Figure 3.2: Flowchart of FBS power flow algorithm.............ccccoevieiviiiniiiiiiiiecieeee 18
Figure 3.3: ALGA Optimization Flowchart .............cocooiiiiniininiiniiiicecenecneeens 22
Figure 3.4: Optimal DG size and the corresponding fitness function value for 33 test
DUS SYSTEIM....eeueiieiiieeiie ettt ettt ettt et e ettt e sttt e s e e e e saeeenne 24
Figure 3.5: Optimal DG size and the corresponding fitness function value for 69 test
DUS SYSTEIML....eeuiiieiiieeiie ettt ettt ettt ettt e ettt e et e e b e s e e ebeeeaeeenee 24
Figure 3.6: Optimal DG size and the corresponding fitness function value for 119 test
DUS SYSTEIM. ...ttt ettt ettt e et e bt e st eebee st e e e saeeenee 25
Figure 3.7: Fitness function conversion and decision variables for 33-bus system for
multiple PV allocation ............cccveeiiiiiiiiieeiie e 27
Figure 3.8: Power losses for 33 IEEE test bus system for PV allocation....................... 28
Figure 3.9: Bus voltage profile for 33 IEEE test bus system for PV allocation............. 28
Figure 3.10: Fitness function conversion and state variables for 69-bus system for
multiple PV allocation ............cccuieiiiiiiiiieiiic e 29
Figure 3.11: Power losses for 69 IEEE test bus system for PV allocation..................... 29
Figure 3.12: Bus voltage profile for 69 IEEE test bus system for PV allocation........... 29
Figure 3.13: Fitness function conversion and state variables for 119-bus system for
multiple PV allocation ...........ccccuieeiiiiiiiieciie e 31
Figure 3.14: Power losses for 119 IEEE test bus system for PV allocation.................. 31

Figure 3.15: Bus voltage profile for 119 IEEE test bus system for PV allocation......... 32
Figure 3.16: Fitness function conversion and state variables for 33-bus system for
multiple WTG allocation. ............cocueeiieiiiiiiieniieeee e 32
Figure 3.17: Power losses for 33 IEEE test bus system for WTG allocation................. 33
Figure 3.18: Bus voltage profile for 33 IEEE test bus system for WTG allocation....... 33
Figure 3.19: Fitness function conversion and state variables for 69-bus system for
multiple WTG allocation............c.coveeeiieiiiiiiieniieieee e 34
Figure 3.20: Power losses for 69 IEEE test bus system for WTG allocation................. 34
Figure 3.21: Bus voltage profile for 69 IEEE test bus system for WTG allocation....... 34
Figure 3.22: Fitness function conversion and state variables for 119-bus system for

multiple WTG allocation ...........c.covueeiiieiiiiiiieniieeeee e 36
Figure 3.23: Power losses for 119 IEEE test bus system for WTG allocation............... 37
Figure 3.24: Bus voltage profile for 119 IEEE test bus system for WTG allocation.....37
Figure 4.1: Pareto Dominance CONCEPL.........ccueervieriieriienieeriieeeeeieeseeesieesveereeseveeeeens 43
Figure 4.2: Flowchart of hybrid MOGA-FMF optimization method............c..ccccceenee. 45
Figure 4.3: Pareto front for power losses, PV cost and voltage stability index (VSI) for

33-DUS teSE SYSLOIM .. .eiiuiieiiieiie ettt ettt ettt st 47

Vil



Figure 4.4: Pareto front for power losses, PV cost and voltage stability index (VSI) for

69-DUS tESE SYSLOIML. ....eeuiiiiiieiie ettt ettt et st 47
Figure 4.5: Pareto front for power losses, PV cost and voltage stability index (VSI) for
119-DUS tESt SYSTEIM...eeueieuiieiiieeiieiie ettt ettt 48
Figure 4.6: Power losses for 33-bus test system in case of PV .......ccccooviiviiiiiiiniennnn. 50
Figure 4.7: Power losses for 69-bus test system in case of PV .........ccccooeniininiinnnnns 50
Figure 4.8: Power losses for 119-bus test system in case of PV ......cccoovviiieiiiniennnn. 51
Figure 4.9: Voltage profile for 33-bus test system in case of PV..........cccccovvevinininnns 51
Figure 4.10: Voltage profile for 69-bus test system in case 0Of PV........cccoecvveeiiniennnn. 51
Figure 4.11: Voltage profile for 119-bus test system in case of PV........ccccccverininnins 52
Figure 4.12: Pareto front for power losses, Wind cost and voltage stability index (VSI)
01 33-DUS tESt SYSLRIM ...eeueiieiieiiiieiieeiie ettt 53
Figure 4.13: Pareto front for power losses, Wind cost and voltage stability index (VSI)
fO1 69-DUS tESt SYSLEIM ...eeueiieiiieiiieiieeie ettt 53
Figure 4.14: Pareto front for power losses, Wind cost and voltage stability index (VSI)
fOr 119-DUS teSt SYSTEM ....viiiiieiiieiieiie et 54
Figure 4.15: Power losses for 33-bus test system in case of Wind ............cccoeevveeiennnen. 55
Figure 4.16: Power losses for 69-bus test system in case of Wind. ..........ccccceveieneenen. 56
Figure 4.17: Power losses for 119-bus test system in case of Wind. ..........ccccceevvenen. 56
Figure 4.18: Voltage profile for 33-bus test system in case of Wind............cccceeeeenee. 56
Figure 4.19: Voltage profile for 69-bus test system in case of Wind............cccceevuenneen. 57
Figure 4.20: Voltage profile for 119-bus test system in case of Wind..........c.ccccceenneee. 57
Figure 5.1: Typical P-V and Q-V CUIVE. ......cccuiiiiiiiieiieeieeieeeee ettt 62
Figure 5.2: Variation of critical bus voltage and stability index against TLP of 33-bus
system for constant power load model .............ccocveevieeiiinieniiiieee e, 64
Figure 5.3: Variation of critical bus voltage and stability index against TLP of 33-bus
system for constant current load model.............cccoeviieiiiiiiiniienieeieeee, 64
Figure 5.4: Variation of critical bus voltage and stability index against TLP of 33-bus
system for constant impedance load model............cccoeeevieviinciiinienciieieeen. 65
Figure 5.5: Variation of critical bus voltage and stability index against TLP of 33-bus
system for composite load model ............ccccveeiiiiiiiiiiniiiieeee e, 65
Figure 5.6: Variation of critical bus voltage and stability index against TLQ of 33-bus
system for constant power load model .............cocvveviiiiiienieniiiie e, 66
Figure 5.7: Variation of critical bus voltage and stability index against TLQ of 33-bus
system for constant current load model.............ccceeviiriiiiniiniiieiieeieeee, 66
Figure 5.8: Variation of critical bus voltage and stability index against TLQ of 33-bus
system for constant impedance load model............cccoeeevieviiniiinieniieieeee. 66
Figure 5.9: Variation of critical bus voltage and stability index against TLQ of 33-bus
system for constant composite load model..........c..cccoeeevieriiniiiinieniiieeeee. 67
Figure 5.10: Variation of critical bus voltage and stability index against TLP of 69-bus
system for constant power load model .............ccccveeviieiiieniiniiinieeeeee, 68
Figure 5.11: Variation of critical bus voltage and stability index against TLP of 69-bus
system for constant current load model.............ccceeviieiiiiniiniieiieeeeee, 68
Figure 5.12: Variation of critical bus voltage and stability index against TLP of 69-bus
system for constant impedance load model............ccceeevieviiiviiinieniiieieeee. 69
Figure 5.13: Variation of critical bus voltage and stability index against TLP of 69-bus
system for composite load model. ..........cccocvveviiiiiiiiniiniiieieeeeee e, 69
Figure 5.14: Variation of critical bus voltage and stability index against TLQ of 69-bus
system for constant power load model. ............ccoceeviieiieniiniieieeeee, 70



Figure 5.15: Variation of critical bus voltage and stability index against TLQ of 69-bus

system for constant current load model............ccocoeiiiiiiiiiiniii, 70
Figure 5.16: Variation of critical bus voltage and stability index against TLQ of 69-bus
system for constant impedance load model.............cccooceiiiiniiiiiniiecee, 70
Figure 5.17: Variation of critical bus voltage and stability index against TLQ of 69-bus
system for composite load model. ...........ccoceeiiiiiiiiiiniii, 71
Figure 5.18: Variation of critical bus voltage and stability index against TLP of 119-bus
system for constant power load model. ............ccocoeiiiiiiiiiiniiie, 72
Figure 5.19: Variation of critical bus voltage and stability index against TLP of 119-bus
system for constant current load model............ccocoeviiiiiiiiiniiiie, 73
Figure 5.20: Variation of critical bus voltage and stability index against TLP of 119-bus
system for constant impedance load model.............cccoeciriiiiiiiiiiniiieen. 73
Figure 5.21: Variation of critical bus voltage and stability index against TLP of 119-bus
system for composite load model ............ccocoeviiiiiiiiiniii, 73
Figure 5.22: Variation of critical bus voltage and stability index against TLQ of 119-
bus system for constant power load model.............coceeiiiiiiiniiniiine 74
Figure 5.23: Variation of critical bus voltage and stability index against TLQ of 119-
bus system for constant current load model. ...........cccoooiiiiiiiiniiine 74
Figure 5.24: Variation of critical bus voltage and stability index against TLQ of 119-
bus system for constant impedance load model. .............ccccoeviiiiiiiennnn 75
Figure 5.25: Variation of critical bus voltage and stability index against TLQ of 119-
bus system for composite load model............cccceeviiiiiiniiiniiie 75
Figure 5.26: Percentage of load capacity increase for different load types and test
A1 1S) 111 O U P TSP TP 76
Figure 6.1: schematic diagram of single-stage/three-phase PV grid connected system. 80
Figure 6.2: Equivalent circuit of PV module...........ccoooiiiiiiiiiiiiieeeeeee 81
Figure 6.3: schematic diagram of PLL ...........ccoooiiiiiiiiiiiiieeeeece e 83
Figure 6.4: Fuzzy based MPPT ..o 85
Figure 6.5: Membership function for input 1 (€1T01).......cccevveriiierieniiienieeieeiieeve e 85
Figure 6.6: Membership function for input 2 (change of error) .......cccceeveevivevieniennen. 86
Figure 6.7: Membership function for the output (dV)......cceocvvveiierieniiiiniieiieieeieeee 86
Figure 6.8: Control of the Three phase VSC in the dq frame...........ccccovvieiieniiniennen. 88
Figure 6.9: Block diagram of dynamic volt-var regulator.............cccoeeueerveriieneenieennen. 89
Figure 6.10: Capability curve of the INVEIter ..........ccoceeviriiiniineniinicicciceceeeeseee 89

Figure 6.11: Implementation of 1 MW PV array system in MATLAB/SIMULINK ....90
Figure 6.12: Implementation of Fuzzy based MPPT controller in

MATLAB/SIMULINK ......ocoiiiiiniiiiiieeceneeeee et 91
Figure 6.13: Dynamic volt-var regulator as implemented in MATLAB/SIMULINK...91
Figure 6.14: Implementation of VSC voltage and current controllers in

MATLAB/SIMULINK ..ottt 92
Figure 6.15: Implementation of PV array connected to 33-bus radial test system in
MATLAB/SIMULINK ..ottt 93
Figure 6.16: I-V and P-V characteristic for varying temperature and constant radiation
..................................................................................................................... 94
Figure 6.17: I-V and P-V characteristic for varying solar radiation and constant
195001 01 ¢ 1111 (U SUSPTPRRR 94
Figure 6.18: maximum output power of PV array for different MPPT techniques ....... 95
Figure 6.19: convergence of voltage controller’s fitness function. ..........cccccceveeenieennen. 96
Figure 6.20: convergence of current controller’s fitness function. ...........cccceeeeveereenen. 96
Figure 6.21: convergence of Q compensator’s fitness function. ..........ccccceeeeeveeeneennen. 96

X



Figure 6.22: The PV array output voltage at different radiation levels............cccceeen... 97

Figure 6.23: Actual and reference direct control Currents...........coccceeeeeveereeenieeneennenn. 98
Figure 6.24: Actual and reference quadrature control currents............cccceeeevverreenveennnns 98
Figure 6.25: Inverter operating power factor ..........ccoooeeviieiiiiiiienienie e 98
Figure 6.26: The PV array output current at different radiation levels ............ccccceeene. 99
Figure 6.27: dq components of PCC voltage.........c.ccoceveireriiniinenienicccicneceene 100
Figure 6.28: inverter output voltage waveform...........ccecvveeviierieeiiienieeieeieeie e 100
Figure 6.29: LC filter output voltage waveform ...........ccccceevueeniiniieninniieieseeieeee, 101
Figure 6.30: transformer voltage waveform at grid side ...........ccoecvvevieeiieniencieenieennne. 101
Figure 6.31: AC current waveforms at different points of the system ..........ccccceceeee. 101

Figure 6.32: PV array output power, load power and grid power for 33-bus system .. 102
Figure 6.33: Reactive PV array output power, load power and grid power for 33-bus

A1 1S) 11 USRS 102
Figure 6.34: Quadrature current component with and without tuning of Volt-Var
TEEULALOT .ot et en 104
Figure 6.35: Quadrature current for different loads with dynamic volt-var control at
variable PF ..o 104
Figure 6.36: Voltage at PCC for different loads with dynamic volt-var control at
variable PF ..o 104
Figure 6.37: Quadrature current for different loads with dynamic volt-var control at
FIXEA PF .o 105
Figure 6.38: Voltage at PCC for different loads with dynamic volt-var control at fixed
P e e 105
Figure 6.39: Actual and reference direct control currents at volt-var control............... 106
Figure 6.40: Actual and reference quadrature control currents at volt-var control...... 106
Figure 6.41: Inverter operating power factor at volt-var control..........c.cccceceeveennennne. 106
Figure 6.42: Reactive PV array output power, load power and grid power at volt-var
control for 33-bus SYStem .......cccueeiiiiiiiiiiee e 107
Figure 6.43: voltage profile for Lateral 1 of the 33-bus system.........ccccceevvercireneennne. 107
Figure 6.44: voltage profile for Lateral 2 of the 33-bus system..........ceceeveeriienennne. 108
Figure 6.45: Active power losses of 33-bus system at different radiation levels......... 108
Figure 6.46: Implementation of PV array connected to 119-bus radial test system in
MATLAB/SIMULINK ......ociiiiiiiiiiiitiieceneseeeeeeeeeee e 110
Figure 6.47: Voltage profile of 119-bus system at different laterals for PV allocation112
Figure 6.48: Active power losses of 119-bus system at different radiation levels....... 112
Figure 7.1: Schematic of DFIG wind turbine...........ccccooveeviiiiniinnnniineccee 115
Figure 7.2: Block diagram of pitch angle control.............ccceceeviieiiiiniiiciieniecieeeeee. 117
Figure 7.3: Block diagram of GSC.........cocoiiiiiiiiiiiiiiiiiceeceeeteeee e 120
Figure 7.4: Block diagram of RSC........c.cccooiiiiiiiiiiiieeeeeee e 121
Figure 7.5: Tested DFIG-WTG system- MATLAB/SIMULINK ......c..cccceviniinennnene. 122
Figure 7.6: GSC as implemented in MATLAB/SIMULINK ........ccccocevviiinienciieieenne. 122
Figure 7.7: RSC as implemented in MATLAB/SIMULINK ......cccccccovviininniniininnene. 123
Figure 7.8: DC-link Voltage of 1.5 MW-WTG.........cccceeviiiiiiiniieiieieeeeeeeee e 125
Figure 7.9: Output Power of wind turbine system- 1.5 MW rated...........cccccovenuennene. 125
Figure 7.10: Reactive power at PCC ........ccoooiiiiiiiiciieeeeeeeeeeee et 125
Figure 7.11: Reactive power at different loading conditions ...........ccceeeeevverieeneennne. 126
Figure 7.12: voltage profile at PCC for WTG.......cccieiiiiviieiiiiicieceeeeeeeee e 126
Figure 7.13: Rotor d-axis current profile..........cccovieiiienieiiiiniiiiieieeceeeeeeeee e 126
Figure 7.14: Rotor g-axis current profile...........ccceveeevrierieeniienieeiieieeieeee e 127

Xl



