
 

  

TABLE OF CONTENTS 

Page 

ABSTRACT (THAI)…………………………………………………………………………………………………………………I 
ABSTRACT (ENGLISH)………………………………………………………………………………………………………….II 

ACKNOWLEDGEMENT ................................................................................................................... III 

TABLE OF CONTENTS .................................................................................................................. IV 

LIST OF TABLES ............................................................................................................................ IX 

LIST OF FIGURES ......................................................................................................................... XII 

LIST OF ABBREVIATION ............................................................................................................ XVIII 

LIST OF NOMENCLATURE ......................................................................................................... XIX 

CHAPTER  

I    .INTRODUCTION .......................................................................................................... 1 

1.1 General Introduction ......................................................................................... 1 

1.2 Problem Statement .......................................................................................... 2 

1.3 Research Objectives .......................................................................................... 3 

1.4 Scope and Limitations ...................................................................................... 3 

1.5 Conception ......................................................................................................... 4 

1.6 Research Benefits .............................................................................................. 5 

1.7 Organization of Proposal .................................................................................. 5 

II   .LITERATURE REVIEWS ................................................................................................ 7 

2.1 Introduction ........................................................................................................ 7 

2.2 Voltage Stability in Modern Power Systems ................................................ 8 

2.3 Power System Analysis Overview ................................................................... 9 

2.4 Power Flow Analysis Fundamentals: Newton-Raphson Method ........... 10 



V 
 

  

TABLE OF CONTENTS (Continued) 

Page 

2.4.1 System Variables and Bus Classifications .................................... 11 
2.4.2 Mathematical Formulation of Power Flow Equations ............. 12 

2.4.3 Computational Algorithm of the Newton-Raphson Load Flow .. 

  …………………………………………………………………………………………………..14 

2.5 Voltage Stability Indices: L-index and Others (Comparison) ................... 17 

2.6 Conventional Voltage Control Methods (STATCOM, Capacitor, Tap 

Changer) ............................................................................................................ 21 

2.7 Battery Energy Storage System (BESS) for Voltage Regulation ............... 22 

2.8 Voltage Droop Control and Its Variants (Adaptive, Fuzzy, etc.) ............. 23 

2.9 State of Charge (SoC) Management in BESS .............................................. 25 

2.10 Optimization Techniques for BESS Control (PSO, Fuzzy, Multi-objective) 

  …………………………………………………………………………………………………………………26 

2.11 Research Gap and Motivation ....................................................................... 28 

2.12 Summary and Research Contribution ......................................................... 30 

III  MICROGRID VOLTAGE STABILITY INDICES IMPROVEMENT USING PARTICLE 

…….SWARM OPTIMIZATION .......................................................................................... 31 

3.1 Introduction ...................................................................................................... 31 

3.2 L-index ............................................................................................................... 31 

3.3 P-V curve ........................................................................................................... 33 

3.4 Voltage Stability Improvement Using PSO ................................................. 34 

3.5 Results and Discussion ................................................................................... 35 

3.5.1 IEEE 33-bus base case ..................................................................... 35 

3.5.2 IEEE 33-bus with L-index improvement ...................................... 37 

3.5.3 IEEE 33-bus modified ...................................................................... 38 



VI 
 

  

TABLE OF CONTENTS (Continued) 

Page 

3.5.4 Modified IEEE 33-bus system with L-index improvement ....... 40 
3.6 Chapter Summary ........................................................................................... 46 

IV VOLTAGE DEVIATION IMPROVEMENT IN ACTIVE DISTRIBUTION NETWORK 

….…USING BETTERY ENERGY STORAGE SYSTEM OPTIMAL VOLTAGE DROOP 

….…CONTROL…………………………………………………………………………………..…………………..48 

4.1 Introduction ...................................................................................................... 48 

4.2 BESS with Adaptive Droop Control .............................................................. 49 

4.3 PSO Based Voltage Deviation Improvement .............................................. 54 

4.4 BESS Selection Criteria and Sizing ................................................................ 56 

4.5 Results and Discussion ................................................................................... 58 

4.5.1 IEEE 33-bus base case. .................................................................... 59 

4.5.2 Modified IEEE 33-bus with PV and wind power penetration .. 60 

4.5.3 Modified IEEE 33-bus with PV and wind power penetration and  

…………….BESS with optimal VDC. .................................................................. 60 

4.5.4 Sensitivity Analysis of Renewable Energy Placement and Sizing 

  …………………………………………………………………………………………………..64 

4.6 Chapter Summary ........................................................................................... 67 

V   BESS VOLTAGE REGULATION CONSIDERING SoC RESTORATION .................... 69 

5.1 Introduction ...................................................................................................... 69 

5.2 SoC Restoration Formulation ........................................................................ 69 

5.3 Objective Function .......................................................................................... 70 

5.3 Objective Function .......................................................................................... 70 

5.3.1 PSO Based TSoC Improvement..................................................... 70 



VII 
 

  

TABLE OF CONTENTS (Continued) 

Page 

5.3.2 PSO Based TVD Improvement ....................................................... 71 
5.4 FMOO-based PSO ............................................................................................ 71 

5.5 PSO Parameter Selection and Tuning ......................................................... 74 

5.6 Results and Discussion ................................................................................... 79 

5.6.1 modified IEEE 33-bus with PV and wind power penetration and 

……………..BESS considering SoC restoration results ................................... 79 

5.6.1.1 Scenario 1 Wind power only: 1.25 MW wind, no PV 
 installed ............................................................................. 79 
5.6.1.2 Scenario 2 0.25 MW PV and 1.00 MW wind ............... 85 
5.6.1.3 Scenario 3 0.50 MW PV and 0.75 MW wind ............... 89 
5.6.1.4 Scenario 4 0.75 MW PV and 0.50 MW wind ............... 94 
5.6.1.5 Scenario 5MW PV and 0.25 MW wind ......................... 99 
5.6.1.6 Scenario 6 PV only: 1.25 MW PV, no wind installed ..... 
 ........................................................................................... 103 

5.6.2 modified IEEE 69-bus with PV and wind power penetration and 

…………….BESS considering SoC restoration results .................................. 107 

5.7 Chapter Summary ......................................................................................... 114 

VI   CONCLUSION ........................................................................................................ 115 

REFERENCE ................................................................................................................................. 117 

APPENDIX 

APPENDIX A The BESS Operating Result ........................................................................ 123 

APPENDIX B Energy Profile for Test Simulation ............................................................ 139 

APPENDIX C IEEE 33-bus system test data .................................................................... 145 

APPENDIX D IEEE 69-bus system test data .................................................................... 149 



VIII 
 

  

TABLE OF CONTENTS (Continued) 

Page 

APPENDIX E List of publications ...................................................................................... 155 
BIOGRAPHY ................................................................................................................................. 171 

 



 
 

  

LIST OF TABLES 

Table  Page 

2.1 Key Research on Voltage Stability and Renewable Integration .................................... 8 

2.2 Power System Bus Classifications and Variables ........................................................... 12 

2.3 Comparison of Voltage Stability Indices .......................................................................... 18 

2.4 Comparison of Conventional Voltage Control Methods .............................................. 21 

2.5 Droop Control Methods for BESS ..................................................................................... 24 

2.6 Optimization Techniques for BESS ................................................................................... 27 

3.1 Comparison of IEEE 33-bus Base Case and L-index Improvement Results ............. 40 

3.2 Comparison of IEEE 33-bus Modified Case and Modified IEEE 33-bus system with L-   

index improvement Results ..................................................................................................... 42 

3.3 Comparing L-index value.................................................................................................... 44 

3.4 Comparison Real Power All Cases .................................................................................... 46 

4.2 Specification of the BESS .................................................................................................... 59 

4.3 Adjust exponent, Droop coefficient and BEES regulating power of BESS ................ 62 

4.4 Adjust exponent, Droop coefficient and BEES regulating power of BESS ................ 63 

4.5 Adjust exponent, Droop coefficient and BEES regulating power of BESS in sensitivity 

analysis case ................................................................................................................................ 66 

4.6 Adjust exponent, Droop coefficient and BEES regulating power of BESS in sensitivity 

analysis case ................................................................................................................................ 67 

5.1 PSO Parameter Ranges for Testing ................................................................................... 76 

5.2 PSO Parameter for TVD objective ..................................................................................... 78 

5.3 PSO Parameter for TSoC objective ................................................................................... 78 

5.4 PSO Parameter for Fuzzy Multi-objective ....................................................................... 78 

5.5 Optimal adjust-exponent values obtained with the fuzzy multi-objective PSO 

algorithm scenario 1 ................................................................................................................... 84



X 
 

  

LIST OF TABLES (Continued) 

Table  Page 

5.6 Optimal adjust-exponent values obtained with the fuzzy multi-objective PSO 

algorithm scenario 2 ................................................................................................................... 88 

5.7 Optimal adjust-exponent values obtained with the fuzzy multi-objective PSO 

algorithm scenario 3 ................................................................................................................... 93 

5.8 Optimal adjust-exponent values obtained with the fuzzy multi-objective PSO 

algorithm scenario 4 ................................................................................................................... 98 

5.9 Optimal adjust-exponent values obtained with the fuzzy multi-objective PSO 

algorithm scenario 5 ................................................................................................................. 102 

5.10 Optimal adjust-exponent values obtained with the fuzzy multi-objective PSO 

algorithm scenario 6 ................................................................................................................. 106 

5.11 The Maximum, Minimum, and Fuzzy Multi-Objective of Voltage Deviation ....... 108 

5.12 The Maximum, Minimum, and Fuzzy Multi-Objective of SoC Deviation .............. 108 

B.1 Load profile ......................................................................................................................... 139 

B.2 PV profile, rated 0.25 MW ................................................................................................ 139 

B.3 PV profile, rated 0.50 MW ................................................................................................ 140 

B.4 PV profile, rated 0.75 MW ................................................................................................ 140 

B.5 PV profile, rated 1.00 MW ................................................................................................ 141 

B.6 PV profile, rated 1.25 MW ................................................................................................ 141 

B.7 Wind profile, rated 0.25 MW ............................................................................................ 142 

B.8 Wind profile, rated 0.50 MW ............................................................................................ 142 

B.9 Wind profile, rated 0.75 MW ............................................................................................ 143 

B.10 Wind profile, rated 1.00 MW ......................................................................................... 143 

B.11 Wind profile, rated 1.25 MW ......................................................................................... 144 

C.1 Line parameter of IEEE 33-bus test system.................................................................. 145 



XI 
 

  

LIST OF TABLES (Continued) 

Table  Page 

C.2 Power parameter of IEEE 33-bus test system .............................................................. 147 

D.1 Line parameter of IEEE 69-bus test system ................................................................. 149 

D.2 Power parameter of IEEE 69-bus test system .............................................................. 152 



 
 

  

LIST OF FIGURES 

Figure      Page 

1.1 The concept of study............................................................................................................ 5 

3.1 PV curve procedure ............................................................................................................. 33 

3.2 Computation Procedure ..................................................................................................... 35 

3.3 IEEE 33-bus system .............................................................................................................. 36 

3.4 L-index of IEEE 33-bus base case ..................................................................................... 36 

3.5 PV-curve of IEEE 33-bus base case ................................................................................... 37 

3.6 L-index of IEEE 33-bus with L-index improvement ....................................................... 37 

3.7 PV-curve of IEEE 33-bus system with L-index improvement ...................................... 38 

3.8 Modified IEEE 33-bus system ............................................................................................. 39 

3.9 L-index of modified IEEE 33-bus. ...................................................................................... 40 

3.10 PV-curve of modified IEEE 33-bus. ................................................................................. 40 

3.11 L-index of modified IEEE 33-bus system with L-index improvement. .................... 42 

3.12 PV-curve of modified IEEE 33-bus system with L-index improvement. ................. 42 

4.1 BESS configuration ............................................................................................................... 49 

4.2 VDC strategies ....................................................................................................................... 51 

4.3 Adaptive VDC strategy ......................................................................................................... 52 

4.4 The Relationship between  SoC  and BESk  with the SoC  is within the range of 

minSoC  and maxSoC  ................................................................................................................... 53 

4.5 The Relationship between SoC  and n  with the SoC  is within the range of minSoC  

and maxSoC  .................................................................................................................................. 54 

4.6 The PSO based BESS optimal VDC computation procedure ...................................... 55 

4.7 The modified IEEE 33-bus with PV and wind power penetration and BESS ............ 57 

4.8 The modified IEEE 69-bus with PV and wind power penetration and BESS ............ 57



XIII 
 

  

LIST OF FIGURES (Continued) 

Figure      Page 

4.9 The PV and Wind profile 24 hour ..................................................................................... 58 

4.10 Comparative Voltage Profile of modified IEEE 33-bus system ................................. 62 

4.11 the convergence plot of the proposed PSO-based BESS optimal VDC ................. 63 

4.12 the result of 30 trials of the proposed method.......................................................... 63 

4.13 The result of 30 trials of the computation time ......................................................... 64 

4.14 The modified IEEE 33-bus with PV and wind power penetration and BESS in 

sensitivity analysis case ............................................................................................................. 65 

4.15 Comparative Voltage Profile of modified IEEE 33-bus system in sensitivity analysis 

case ................................................................................................................................................ 66 

5.1 The PSO based BESS optimal TSoC computation procedure .................................... 72 

5.2 The Fuzzy membership function of total SoC deviation ............................................ 73 

5.3 The Fuzzy membership function of total voltage deviation ...................................... 74 

5.4 The FMOO-based PSO computation procedure............................................................ 75 

5.5 PSO parameter for TVD objective..................................................................................... 77 

5.6 PSO parameter for TSoC objective................................................................................... 77 

5.7 PSO parameter for Fuzzy Multi-objective ....................................................................... 77 

5.8 Overview of BESS Operation for Voltage Support scenario 1 ..................................... 81 

5.9 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 18 

Scenario 1 ..................................................................................................................................... 82 

5.10 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective Voltage Deviation 

scenario 1 ..................................................................................................................................... 83 

5.11 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective SoC Deviation 

scenario 1 ..................................................................................................................................... 83 

 



XIV 
 

  

LIST OF FIGURES (Continued) 

Figure      Page 

5.12 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 18 

Scenario 2 ..................................................................................................................................... 86 

5.13 Overview of BESS Operation for Voltage Support scenario 2 ................................... 87 

5.14 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective Voltage Deviation 

scenario 2 ..................................................................................................................................... 87 

5.15 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective SoC Deviation 

scenario 2 ..................................................................................................................................... 88 

5.16 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 18 

Scenario 3 ..................................................................................................................................... 91 

5.17 Overview of BESS Operation for Voltage Support scenario 3 ................................... 92 

5.18 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective Voltage Deviation 

scenario 3 ..................................................................................................................................... 92 

5.19 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective SoC Deviation 

scenario 3 ..................................................................................................................................... 93 

5.20 Overview of BESS Operation for Voltage Support Scenario 4 .................................. 95 

5.21 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 18 

Scenario 4 ..................................................................................................................................... 96 

5.22 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective Voltage Deviation 

scenario 4 ..................................................................................................................................... 97 

5.23 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective SoC Deviation 

scenario 4 ..................................................................................................................................... 97 

5.24 Overview of BESS Operation for Voltage Support Scenario 5 .................................. 99 

5.25 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 18 

Scenario 5 ................................................................................................................................... 100 



XV 
 

  

LIST OF FIGURES (Continued) 

Figure      Page 

5.26 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective Voltage Deviation 

scenario 5 ................................................................................................................................... 101 

5.27 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective SoC Deviation 

scenario 5 ................................................................................................................................... 101 

5.28 Overview of BESS Operation for Voltage Support Scenario 6 ................................ 103 

5.29 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 18 

Scenario 6 ................................................................................................................................... 104 

5.30 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective Voltage Deviation 

scenario 6 ................................................................................................................................... 105 

5.31 Comparison of Maximum, Minimum, and Fuzzy Multi-Objective SoC Deviation 

scenario 6 ................................................................................................................................... 105 

5.32 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 65 

Scenario 1 ................................................................................................................................... 109 

5.33 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 65 

Scenario 2 ................................................................................................................................... 110 

5.34 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 65 

Scenario 3 ................................................................................................................................... 111 

5.35 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 65 

Scenario 4 ................................................................................................................................... 112 

5.36 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 65 

Scenario 5 ................................................................................................................................... 113 

A.1 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 22, 25 and 

33 in IEEE 33-bus system Scenario 1 .................................................................................... 123 

 



XVI 
 

  

LIST OF FIGURES (Continued) 

Figure      Page 

A.2 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 22, 25 and 

33 in IEEE 33-bus system Scenario 2 .................................................................................... 124 

A.3 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 22, 25 and 

33 in IEEE 33-bus system Scenario 3 .................................................................................... 125 

A.4 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 22, 25 and 

33 in IEEE 33-bus system Scenario 4 .................................................................................... 126 

A.5 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 22, 25 and 

33 in IEEE 33-bus system Scenario 5 .................................................................................... 127 

A.6 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 22, 25 and 

33 in IEEE 33-bus system Scenario 6 .................................................................................... 128 

A.7 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 27, 35, 46 

and 50 in IEEE 69-bus system Scenario 1 ............................................................................ 129 

A.8 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 52, 67 and 

69 in IEEE 69-bus system Scenario 1 .................................................................................... 130 

A.9 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 27, 35, 46 

and 50 in IEEE 69-bus system Scenario 2 ............................................................................ 131 

A.10 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 52, 67 

and 69 in IEEE 69-bus system Scenario 2 ............................................................................ 132 

A.11 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 27, 35, 

46 and 50 in IEEE 69-bus system Scenario 3 ...................................................................... 133 

A.12 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 52, 67 

and 69 in IEEE 69-bus system Scenario 3 ............................................................................ 134 

A.13 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 27, 35, 

46 and 50 in IEEE 69-bus system Scenario 4 ...................................................................... 135 



XVII 
 

  

LIST OF FIGURES (Continued) 

Figure      Page 

A.14 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 52, 67 

and 69 in IEEE 69-bus system Scenario 4 ............................................................................ 136 

A.15 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 27, 35, 

46 and 50 in IEEE 69-bus system Scenario 5 ...................................................................... 137 

A.16 Time-Series Profiles of Voltage, Regulation Power and Battery SoC at Bus 52, 67 

and 69 in IEEE 69-bus system Scenario 5 ............................................................................ 138 

C.1 IEEE 33-bus system data .................................................................................................. 145 

D.1 IEEE 69-bus system data .................................................................................................. 149 



 
 

  

LIST OF ABBREVIATION 
 

ADN Active Distribution Network 

BESS Battery energy storage system 

FMOO Fuzzy Multi-Objective Optimization 

LV Low Voltage 

NRLF Newton-Raphson Load Flow 

PSO Particle Swarm Optimization 

PV Photovoltaic 

SoC State of Charge 

TSoC Total SoC deviation 

TVD Total voltage deviation 

VC Voltage Collpse 

VD Voltage Deviation 

VDC Voltage Droop Control 

VI Voltage Instability 

VP Voltage Profile 

VS Voltage Stability 

VSI Voltage Stability Index 



 
 

  

LIST OF NOMENCLATURE 
 

G
I  current at generator bus 
L
I  current at load bus 
G
V  voltage at generator bus 
L
V  voltage at load bus 

g  the total number of generators 

jL  the L-index value of the bus 

iV  the voltage at the generator bus 

jV  the voltage at the load bus j  

ijF  the element of the LGF matrix obtained by (3.9) 

LLY and 

LGY  
the submatrix of busY  

LGF  the Y-bus converting matrix  

BESP  The electrical power that a battery charges or discharges 
max

BESP  The maximum power that the battery can supply. 

,BES ck  The droop coefficient controls energy charge. 

,BES dk  The droop coefficient controls energy discharge. 

V  voltage deviation 

kV  Bus voltage 

0V  Nominal voltage 

hV  The sum of Voltage deviation 24 hour 
min

thV  The minimum voltage thresholds 
max

thV  The maximum voltage thresholds 

minV  The minimum voltage 



XX 
 

  

LIST OF NOMENCLATURE (Continued) 

 

maxV  The maximum voltage 

maxK  The maximum droop coefficient 

minK  The minimum droop coefficient 

dn  The adjust exponent for ,BES dk  

cn  The adjust exponent for ,BES ck  

( )SoC t  state of charge at the current step 

( 1)SoC t −  state of charge at the previous step 

E  Battery capacity 

N  Number of buses 

SoC  State of charge 

SoC  The sum of SoC 24 hour 

minSoC  Minimum state of charge 

maxSoC  Maximum state of charge 

,minBESP  The minimum power that the battery can supply 

,maxBESP  The maximum power that the battery can supply 

Z  Number of batteries 

h  The hour 

SoCP  The power of SoC restoration 

,maxSoCP  The maximum power of SoC restoration 

,minSoCP  The minimum power of SoC restoration 

,SoC dP  The discharge power of SoC restoration 

,SoC cP  The charge power of SoC restoration 

dsn  The adjust exponent for ,SoC dP  

csn  The adjust exponent for ,SoC cP  



XXI 
 

  

LIST OF NOMENCLATURE (Continued) 

 

sn  The adjust exponent of SoC restoration 

ipBest  The best value of each particle i  

gBest  The best value of all particles 

t  The iteration 

iv  The velocity for a particle i  

1c and 2c  Constant numbers 

1r and 2r  Random parameters 

w  Inertial weight 

ix  The population of particles 

maxTSoC  The maximum total SoC deviation 

minTSoC  The minimum total SoC deviation 

maxTVD  The maximum total voltage deviation 

minTVD  The minimum total voltage deviation  

T  The membership function 

TSoC  The membership function of total SoC deviation 

TVD  The membership function of total voltage deviation 


