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ABSTRACT 

 

 

The optimum planning of distribution systems consists of the optimum placement and size 
of new substations, feeders, capacitors, distributed generation and other distribution 
components in order to satisfy the future power demand with minimum investment and 
operational costs and an acceptable level of reliability. This thesis deals with the 
optimization of distribution network planning to find the most affordable network design in 
terms of total power losses minimization and voltage profiles improvement. The planning 
and operation of distribution networks are driven by several important factors of network 
designing. The optimum placement and sizing of the capacitor banks into existing 
distribution networks is one of the major issues. The optimum placement and sizing of the 
new substations and distribution transformers with adequate feeder connections with 
minimum length and maximum functionality are vital for power system as well as 
optimum placement and sizing of the distributed generators into the existing grid. This 
thesis commonly investigated the impacts of these factors on voltage profile and total 
power losses of the networks and aims to reduce the capital cost and operational costs of 
the distribution networks in both LV and MV levels. Optimum capacitor installation has 
been utilised in terms of reactive power compensation to achieve power loss reduction, 
voltage regulation, and system capacity release. The Particle Swarm Optimization (PSO) is 
utilized to find the best possible capacitor placement and size. The OpenDSS engine is 
utilized to solve the power flow through MATLAB coding interface. To validate the 
functionality of the proposed method, the IEEE 13 node and IEEE 123 node test systems 
are implemented. The result shows that the proposed algorithm is more cost effective and 
has lower power losses compare to the IEEE standard case. In addition, the voltage profile 
has been improved. Optimum placement of distribution substations and determination of 
their sizing and feeder routing is another major issue of distribution network planning. This 
thesis proposes an algorithm to find the optimum distribution substation placement and 
sizing by utilizing the PSO algorithm and optimum feeder routing using modified 
Minimum Spanning Tree (MST). The proposed algorithm has been evaluated on the two 
types of distribution network models which are the distribution network model with 500 
customers that includes LV residential and commercial loads as well as MV distribution 
network, and 164 nodes in MV level. The test network is generated by fractal based 
distribution network generation model software tool. The results indicate that proposed 
algorithm has succeeded in finding a reasonable placement and sizing of distributed 
generation with adequate feeder path. Another sector of power system that is taken into 
account in this work is Distributed Generators (DGs). In power system, more especially in 
distribution networks, DGs are able to mitigate the total losses of the network which 
effectively has significant effects on environmental pollution. This thesis aims to 
investigate the best solution for an optimal operation of distribution networks by taking 
into consideration the DG. The PSO method has been used to solve the DG placement and 
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sizing on the IEEE 34 and 123 nodes test systems, respectively. It has been utilized to 
demonstrate the effectiveness of the PSO method to improve the voltage profile and 
minimize the cost by mitigating the total losses of the network. 
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ABSTRAK 

 

 

Perancang optimum dalam sistem pengagihan mengandungi penempatan optimum dan 
pemilihan saiz yang optimum tentang pencawang baru, penyuap, kapasitor, penjana 
teragih komponen lain-lain dalam system pengagihan. Matlamat utama perancang 
optimum ada untuk memuaskan permintaan kuasa masa depan dengan pelaburan dan 
operasi kos yang minimum serta tahap kebolehpercayaan yang boleh dipercaya. Tesis ini 
berurusan dengan pengoptimuman rancanggan sistem pengagihan untuk mencari reka 
bentuk rangkaian yang paling berpatutan dari segi pengurangan jumlah kehilangan kuasa 
serta peningkatan voltan profil. Perancangan dan operasi rangkaian pengagihan didorong 
oleh beberapa faktor penting dalam mereka rangkaian. Penempatan dan saiz bank 
kapasitor yang optimum ke dalam rangkaian pengagihan merupakan salah satu isu utama. 
Penempatan dan saiz pencawang baru yang optimum dan transformer pengagihan dengan 
sambungan penyuap yang mencukupi dengan panjang yang minimum dan fungsi 
maksimum adalah penting bagi sistem kuasa serta penempatan dan saiz penjana teragih 
kepada grid yang sedia ada. Tesis ini menyiasat kesan faktor-faktor ini terhadap profil 
voltan dan jumlah kerugian kuasa rangkaian bertujuan untuk mengurangkan kos modal 
dan kos operasi rangkaian pengagihan di kedua-dua peringkat LV dan MV. Pemasangan 
kapasitor yang optimum telah digunakan dari segi pampasan kuasa reaktif bertujuan untuk 
mencapai pengurangan kuasa kerugian, pengaturan voltan, dan pelepasan kapasiti sistem. 
Particle Swarm Optimization (PSO) digunakan untuk mencari penempatan kapasitor dan 
saiz yang terbaik. OpenDSS digunakan sebagai enjin untuk menyelesaikan aliran kuasa 
melalui antara muka system coding MATLAB. Untuk mengesahkan fungsi kaedah yang 
dicadangkan, IEEE 13 bus dan IEEE 123 bus telah digunakan. Hasil kajian menunjukkan 
bahawa algoritma yang dicadangkan adalah lebih kos efektif dan mempunyai kehilangan 
kuasa yang lebih rendah berbanding dengan kes piawai IEEE. Di samping itu, profil 
voltan yang telah bertambah baik. Penempatan pencawang pengagihan yang optimum dan 
penentuan saiz pencawang pengagihan serta penyuap adalah satu lagi isu utama dalam 
perancangan rangkaian pengagihan. Tesis ini mencadangkan algoritma untuk mencari 
penempatan pengedaran pencawang dan saiz yang optimum dengan menggunakan 
algoritma PSO serta penyuap yang optimum dengan menggunakan Minimum Spanning 
Tree yang diubahsuai. Algoritma yang dicadangkan itu telah dinilai pada kedua-dua jenis 
model rangkaian pengagihan yang merupakan rangkaian pengagihan dimodel dengan 
mempunyai 500 pelanggan termasuk LV beban kediaman dan komersil serta rangkaian 
pengagihan MV, dimana 164 nod terdapat pada tahap MV. Rangkaian ujian dihasilkan 
dengan menggunakan alat perisian model generasi rangkaian pengagihan yang 
berasaskan fraktal. Keputusan menunjukkan algoritma yang dicadangkan itu telah berjaya 
dalam mencari penempatan dan saiz penjana teragih yang munasabah dengan penyuap 
yang mencukupi. Penjana teragih (DGs) merupakan satu lagi sektor sistem kuasa yang 
diambil kira dalam tesis ini. Dalam sistem kuasa, terutamanya rangkaian pengagihan, 
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DGS dapat mengurangkan jumlah kerugian rangkaian dengan berkesan. Tesis ini 
bertujuan untuk mengkaji penyelesaian terbaik bagi operasi optimum rangkaian 
pengagihan dengan mengambil kira DG. Kaedah PSO digunakan untuk menyelesaikan 
kedudukan dan saiz DG pada system ujian IEEE 34 dan 123 nod. Ianya telah digunakan 
untuk menunjukkan keberkesanan kaedah PSO untuk meningkatkan profil voltan dan 
meminimumka kos dengan mengurangkan jumlah kehilangan rangkaian. 



 

v 

 

 

 

ACKNOWLEDGEMENTS 

 

 

I am grateful to Allah who gave me courage, patience and strength to carry out this 

work. I would like to thank Allah for giving me the opportunity to live, for being the 

person that I am and for his guidance and protection throughout my life. 

First and foremost, I would like to take this opportunity to express my sincere 

acknowledgement to my supervisor Professor Datuk Dr. Mohd Ruddin bin Ab. Ghani  

from the Faculty of Electrical Engineering Universiti Teknikal Malaysia Melaka (UTeM) 

for his essential supervision, support and encouragement towards the completion of this 

thesis. 

I would also like to express my greatest gratitude to Dr. Gan Chin Kim from the 

Faculty of Electrical Engineering Universiti Teknikal Malaysia Melaka (UTeM), co-

supervisor of this project for his advice and suggestions. 

Special thanks to all my peers, beloved mother, wife, daughters and siblings for 

their moral support in completing this degree. Lastly thank you to everyone who had been 

to the crucial parts of realization of this project. 

 



 

vi 

 

 

TABLE OF CONTENTS 

PAGE 

DECLARATION  
APPROVAL  

DEDICATION  
ABSTRACT i 
ABSTRAK iii 
ACKNOWLEDGEMENTS v 
TABLE OF CONTENTS vi 
LIST OF TABLES ix 
LIST OF FIGURES xi 
LIST OF APPENDICES ixiv 

LIST OF ABBREVIATIONS xv 
LIST OF SYMBOLS xvii 
LIST OF PUBLICATIONS xx 
 
CHAPTER 
1 INTRODUCTION  

1.1 Introduction  

1.2 Power System Configuration Sectors  
1.2.1 Power Generation  
1.2.2 Transmission  

1.2.3 Distribution  
1.3 Problem Statements  

1.4 Objectives  
1.5 Scope of the Study  
1.6 Contributions of the Research  

1.7 Thesis Outline and Organization 11 
 
2 LITERATURE REVIEW 13 

2.1 Introduction 13 
2.2 Distribution Network Planning 14 

2.3 Solutions of Distribution Network Planning 17 
2.3.1 Combinatorial Optimization Problems 17 

2.3.2 Analytical-based methods 19 
2.4 Heuristic and Meta-Heuristic Methods 21 

2.4.1 Simulated Annealing 24 

2.4.2 Tabu Search 25 
2.4.3 Genetic Algorithm 26 

2.4.4 Ant Colony Optimization 27 
2.4.5 Particle Swarm Optimization 28 

2.5 Related Works 29 

2.5.1 Capacitor Allocation 32 
2.5.2 Placement and Sizing of Distribution Transformer and Feeder Routing  34 

1 
1 
3 
4 
4 
5 
6 
8 
9 
9 
 

 i 
 iii 
 v 
 vi 
 ix 
 xi 
 xiv 
 xv 
 xvii 
 xx 



 

vii 

 

2.5.3 Distributed Generation 36 

2.5.3.1 Aims of DG Connection into Distribution Networks 38 
2.5.3.2 Minimizing Power Losses 39 

2.5.3.3 Voltage profile improvement 40 
2.5.4 Placement and Sizing of Distributed Generators 41 

2.6 Chapter Summary 45 
 
3 METHODOLOGY 47 

3.1 Introduction 47 
3.2 OpenDSS 47 

3.2.1 OpenDSS Sample Scripts 51 

3.3 Particle Swarm Optimization 53 
3.3.1 Input data initialization 59 

3.3.2 Calculate the objective function 59 
3.3.3 Determine Pbest 59 
3.3.4 Determine Gbest 59 

3.3.5 Update velocity and position 60 
3.3.6 Stopping Conditions 61 

3.4 Genetic Algorithm 63 
3.4.1 Crossover 63 

3.4.1.1 One-point crossover 65 

3.4.1.2 Two-point crossover 65 
3.4.1.3 Uniform crossover 66 

3.4.2 Mutation 66 
3.4.3 GA Methodology 67 

3.5 Minimum Spanning Tree 70 

3.5.1 Prime’s Algorithm 71 
3.6 Proposed Methodologies for Distribution Network Planning 75 

3.7 Chapter Summary 75 
 
4 OPTIMUM CAPACITOR PLACEMENT AND SIZING 76 

4.1 Introduction 76 
4.2 Problem Definition and Formulation of Capacitor’s Allocation 77 

4.2.1 Cost Minimization 78 
4.2.2 Constraints of Optimization 79 

4.3 Proposed Methodology 80 

4.4 Capacitors Placement and Sizing Results 83 
4.4.1 Test system - IEEE 13 node 83 

4.4.2 Test system - IEEE 123 node 88 
4.4.2.1 Demand Load growth 90 

4.5 Results and Discussion 92 

4.6 Chapter Summary 95 
 
5 OPTIMUM SUBSTATION PLACEMENT AND SIZING AND         96   

FEEDER ROUTING  
5.1 Introduction 96 

5.2 PSO-MST for Substation Placement and Sizing 97 
5.2.1 Problem Definition and Formulation for Substation Placement 98 



 

viii 

 

5.2.1.1 Problem Formulation 101 

5.2.1.2 Cost Minimization 103 
5.2.1.3 Substation Placement and Sizing Problem Constraints 103 

5.2.2 Optimum Substation Placement Using PSO 104 
5.3 Optimum Feeder Routing Using Modified MST 106 
5.4 Result and Discussions 115 

5.4.1 Case Study: 164 Node Test Case 106 
5.4.2 Case Study: 500 Node Test Case 115 

5.5 Comparison of PSO-MST and GA-MST for Distribution Network Planning 121 
5.5.1 GA-MST for Distribution Transformers Placement and Sizing  121 
5.5.2 Results and Discussion of GA-MST 122 

5.5.3 Results and Discussion of PSO-MST 125 
5.5.4 Comparison of PSO-MST and GA-MST Results 127 

5.6 Chapter Summary 129 
 
6 OPTIMUM DISTRIBUTED GENERATION ALLOCATION  130 

6.1 Introduction 130 
6.2 Impacts of DGs on Distribution Networks 131 

6.3 Objective Function and Problem Formulation 133 
6.3.1 Power losses formulation 133 
6.3.2 Improvement of  the voltage profile 134 

6.3.3 The problem constraints 135 
6.4 Results and Discussion 136 

6.4.1 Case Study: IEEE 34 node 136 
6.4.2 Case Study: IEEE 123 node 142 

6.5 Chapter Summary 148 
 
7 CONCLUSION AND RECOMMENDATIONS FOR FUTURE RESEARCH 149 

7.1 Introduction 149 
7.2 Summary of the Research 149 
7.3 Attainment of Research Objectives 149 

7.3.1 The optimum capacitor allocation in distribution networks 150 
7.3.2 The optimum substation and distribution transformer placement          151 

and sizing and feeder routing in both LV and MV conductors  
7.3.3 The optimum DG placement and sizing 151 

7.4 Recommendations of Future Work 152 
 
REFERENCES  154 

APPENDICES 176 
 



 

ix 

 

 

 
 

LIST OF TABLES 

 

 

TABLE TITLE    PAGE 

     3.1     Application Studies in OpenDss Program                                                           49 

     3.2     The typical swarm intelligence system                                                                54 

     3.3     GA procedures table                                                                                            69 

     4.1     Possible choices of capacitor size and cost.                                                         79 

     4.2     The Voltage Profile before Capacitor, Standard Case and after Optimum          85   

Capacitor Allocation.  

     4.3     Real Power Losses in IEEE 13 Node Test System.                                              86 

     4.4     The results of IEEE 13 node test system in terms of voltages, losses and cost.   88 

     4.5     Load Data for New Case                                                                                       91 

     4.6     The results of IEEE 123 node test system in terms of voltages, losses and cost  94 

    5.1     X coordinates of each load blocks 106 

     5.2     Y coordinates of each load blocks 108 

     5.3     Load Block Demand Data 109 

     5.4     The PSO progress in different number of substations 111 

     5.5     Selected size of MV (33/11 kV) transformers after optimization 112 

     5.6     Selected size of HV/MV transformer after optimization 112 

     5.7     Consumer Demand Data 116 

     5.8     The PSO progress in different number of substations 120 

     5.9     Selected size of MV/LV transformers after optimization 120 

     5.10   Selected size of secondary transformer (33/11) kV after optimization 121 

     5.11   The comparison results of GA-MST and PSO-MST 128 

     6.1     Comparison between standard and optimum case 138 

     6.2     Transformer taps changer comparison 139 



 

x 

 

     6.3     Comparison between standard and optimum case of IEEE 123 nodes 144 

     6.4     Transformer taps changer comparison in IEEE 123 nodes 146 

     6.5     The OpenDSS file for new DG (Generator.dss) of IEEE 123 nodes 147 



 

xi 

 

 

 

LIST OF FIGURES 

 

 

FIGURE TITLE    PAGE 

     1.1     Power system components                                                                                      3 

     1.2     The distribution system architecture                                                                       6 

     2.1     Three main components of a typical power system 37 

     2.2     Distributed Generators benefits 38 

     3.1     OpenDss Sitructure 50 

     3.2     The front view of OpenDSS EXE standalone application 52 

     3.3     OpenDSS script communicated with Matlab software 53 

     3.4     Principle of PSO particle movement 55 

     3.5     PSO algorithm flowchart 57 

     3.6     Stop Conditions 62 

    3.7     Crossover operator in GA 64 

     3.8     One-point crossover 65 

     3.9     Two-point crossover 65 

     3.10   Uniform crossover 66 

     3.11   Mutation operator in GA 67 

     3.12   Genetic Algorithm flowchart 68 

     3.13   The MST graph 71 

     3.14   11 nodes graph with 16 edges 72 

     4.1     The proposed algorithm for optimum capacitor placement and sizing problem 81 

     4.2     The IEEE 13 node test case 84 

     4.3     The cost curve after obtaining the desired amount 87 

     4.4     IEEE 123 Node Test Feeders 89 

     4.5     Voltage profile of IEEE 123 node standard case.  90 

     4.6     Voltage profile of 123 test system before optimum capacitor.  92 



 

xii 

 

     4.7     Voltage profile of the new case 123 node test system after optimum                  93 

capacitor allocation.  

     4.8     The cost curve after obtaining the desired amount in the new case                     95 

     5.1     The segmented cycle of the proposed methodology of substation allocation      97 

and feeder routing.  

     5.2     The proposed flowchart of optimum substation placement and sizing and         100  

feeder routing for distribution networks.   

     5.3     The optimum substation placement and sizing flowchart using PSO 105 

     5.4     The flowchart of modified MST algorithm to solve the optimum feeder the      107 

routing in distribution network  

     5.5     The voltage drop based on load block and substations distances 111 

     5.6     Selected MV (33/11 kV) substations after optimization 113 

     5.7     The obtained network after optimum feeder routing for MV in 164                    113 

load blocks distribution network.  

     5.8     Consumers and candidate substation 116 

     5.9     Selected MV/LV substations after optimization 117 

     5.10   Obtained network after optimum feeder routing for LV and MV                        118 

in 164 consumers’ distribution network.  

     5.11   The voltage drop based on consumers and substations distances 119 

     5.12   Losses= 147.0465 kW, Minimum Voltage= 0.785p.u., Number of                     123 

Selected Distribution Transformer = 1  

     5.13   Losses= 67.5844, Minimum Voltage= 0.8879p.u., Number of                            123 

SelectedDistribution Transformers = 2  

     5.14   Losses= 42.2543 kW, Minimum Voltage= 0.9313p.u., Number of                     124 

Selected Distribution Transformers = 3  

     5.15   Losses= 26.7253kW, Minimum Voltage= 0.9371p.u., Number of                     124 

Selected Distribution Transformers = 4  

     5.16   Losses= 15.7089kW, Minimum Voltage= 0.9824p.u., Number of                      125 

Selected Distribution Transformers = 5  

     5.17   Losses= 147.0465 kW, Minimum Voltage= 0.785p.u., Number of                     126 

Selected Distribution Transformer = 1  



 

xiii 

 

     5.18   Losses= 46.9862, Minimum Voltage= 0.9047p.u., Number of                            126 

Selected Distribution Transformers = 2  

    5.19   Losses= 21.9841 kW, Minimum Voltage= 0.9743p.u., Number of                     127 

Selected Distribution Transformers = 3  

     5.20   The cost minimization of GA-MST and PSO-MST 128 

    6.1     The segmented cycle of the proposed methodology of DG allocation 131 

     6.2     Two-bus networks. 132 

    6.3     IEEE 34 buses diagram 137 

     6.4     The voltage comparison before and after DG allocation 140 

     6.5     The losses minimization 141 

     6.6     The voltage drop in distance for both before and after DG allocation 142 

    6.7     One line diagram of IEEE 123 nodes 143 

    6.8     The voltages drop in distance before DG installation in IEEE 123 nodes 145 

    6.9     The voltages drop in distance after DG installation in IEEE 123 nodes  145 

    6.10   The losses minimization of optimum DG allocation of IEEE 123 nodes 146 

    B. 1    Front panel of designed software for capacitor placement 206 

    B. 2    Optimization software for IEEE 123 nodes standard test case after 8 iterations  209 

    B. 3    Optimization software for IEEE 123 nodes standard test case after 25               200 

iterations  

 



 

xiv 

 

 

 

LIST OF APPENDICES 

 

 

APPENDIX TITLE                                                         PAGE 
APPENDIX A 176 

A.1 TEST CASE 164 NODE 176 

A.2 IEEE TEST CASE 13 NODE 179 
A.3 IEEE TEST CASE 34 NODE 181 
A.4 IEEE TEST CASE 123 NODE 184 

A.5 TEST CASE 500 NODE 188 
 

APPENDIX B 205 
A) INPUTS 206 

Step One (1): Choose the OpenDSS file 206 
Step Two (2): Inputs 207 

B) OUTPUTS 208 
C) RESULTS 208 

 

APPENDIX C 210 

C.1 Optimum Capacitor Placement and Sizing using PSO: 210 
C.1.1 MATLAB Coding 210 

C.1.1.1 Particle Swarm Optimization  (PSO.m) 210 

C.1.1.2 Mutation (Mutate.m) 212 
C.1.1.3 Model generation (model.m) 213 

C.1.1.4 Cost Function (MyCost.m) 214 
C.1.1.5 Create Random Solution (CreateRandomSolution.m) 216 
C.1.1.6 Voltage Profile Exportation(ImproveVoltageProfile.m) 216 

C.1.1.7 Power Exportation (Export_Powers.m) 218 
C.1.1.8 Voltage Exportation(Export_Voltages.m) 219 

C.1.1.9 OpenDSS startup program (DSSStartup.m) 221 
C.1.1.10 Parser solution from PSO variable to Capacitor placement and 

size (ParsSolution.m) 221 

C.1.1.11 Power flow calculation using OpenDSS engine(PowerFlow.m)
 222 

C.2 OpenDSS coding for IEEE 123 node standard test case (IEEE123Master.dss)  224 
C.3 Simple PSO Script 238 
C.4 Simple GA Script 242 

 



 

xv 

 

 

 

LIST OF ABBREVIATIONS 

 

 

ACO        Ant Colony Optimization 

CSV        Comma-Separated Value  

DG          Distributed Generation 

DP   Dynamic Programming 

DSP        Distribution System Planning  

EPRI       Electric Power Research Institute  

GA          Genetic Algorithm  

Gbest       Best Global Position 

GIC         Geomagnetically-Induced Currents  

GIS           Geographical Information Systems  

IHS          Improved Harmony Search 

LV           Low Voltage 

MILP         Mixed-integer linear programming  

MINLP      Maximum Integer Non-Linear Programming  

MST         Minimum Spanning Tree 

 MV         Medium Voltage 

NFE        Number of Function Evaluation 

NLP           Non-Linear Programming  

OpenDSS   Open Distribution System Simulator  



 

xvi 

 

PSO         Particle Swarm Optimization   

Pbest         Best Personal Position  

SA               Simulated Annealing 

SAIDI      System Average Interruption Duration Index  

SAIFI        System Average Interruption Frequency Index 

TS                Tabu Search 



 

xvii 

 

 

 

LIST OF SYMBOLS 

 

 

t
iX     Current position of Particle 

PbestX     Best personal position of Particle 

GbestX     Best global position of Particle 

t
iV       Velocity of particle i towards previous vector 

1t
iV      Velocity of particle i towards next position 

w       Inertia weight factor 

α&β     Acceleration coefficient 

OF      Objective Function  

C1       Personal learning coefficient 

C2       Global learning coefficient 

21 & rr    Uniformly distributed random numbers 

Z        Total cost function 

LC       Cost of real power losses 

i
LossP      Active power losses on bus i 

j
CostC     Cost of capacitor j 

j
CC       Capacity of capacitor j 



 

xviii 

 

nb       Number of buses 

nc       Number of selected capacitor 

iV        Voltage magnitud at bus i 

i       Voltage angles of bus i 

ijY , ij    Line admittance magnitude and angle between buses i and j 

maxQ    Demanded reactive power 

j
CQ      Capacitor size at bus j 

CL      Total losses cost for a study year 

VCs      Total substation variable cost 

Cvar(j)    Cost of substation j  

dlb(j,i)    Consumer demand i which connected to substation j 

FCs      Total fixed cost of substations 

Cfix(j)    Fixed cost of substation j 

IC       Investment Cost 

CS       Total substation installation and operation costs 

Cl       Total cost of the lines 

CC      Annuitized capital cost 

D       Discount rate 

T        Number of operation years 

PF      Penalty factor 

Nv      Number of violations 

 β         Fine rate 

i
jD         Distance between substation j to consumer i 



 

xix 

 

jRmax       Maximum acceptable radius of substation j 

V       Line voltage drop 

Q        Reactive power 

powerrealL    Real Power Losses 

iAPO     Active power from output bus i 

iAPD     Active power on demand bus i 

iVs      Voltage from sending bus i 

iVr       Voltage on receiving bus i 

iYsr      Admittance of sending and receiving bus i 

is       Phase angle of sending bus i 

ir       Phase angle of receiving bus i 

iy       Phase angle of  iiY   

PV       Voltage profile objective function 

rateV      Rated voltage 

        Violation coefficient 

 




