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ABSTRACT 
       Power system reliability is considered as one of the important power 

system operation issues especially in distribution system sectors. 
Sometimes power quality problems may cause sensitive equipments, 
especially modern ones to malfunction and a process interruption leads to 
poor system reliability. Many efforts have been made to improve the 
reliability performance using different modern techniques such as, use of 
distributed generating units, and installation of FACTS devices. 

       However, to enhance utility side reliability, distribution network 
reconfiguration is commonly used for the purpose of network loss 
reduction. The main objective of this work is to propose a method, to assess 
and enhance distribution system reliability under optimal network 
configuration and optimal distribution generators placement. In the 
proposed integrated method, initially, optimal network reconfiguration 
which uses feeder tie switches is applied to reinforce the system voltage 
profile under short circuit events. With that optimal network configuration, 
optimal placement of a distributed generation is performed to obtain the 
best reduction in number of propagated voltage sag and interruptions 
throughout the distribution served area. 

    The binary version of the gravitational search algorithm is 
used as the heuristic optimization tool to determine optimal 
solutions for the network reconfiguration and distributed generator 
placement problems. The effectiveness of the gravitational search 
method is confirmed via results comparison with the well 
established particle swarm and genetic algorithm optimization 
methods. Reliability indices SAIFI, ASIFI and MAIFI are used to 
illustrate the effectiveness of the reliability enhancement method. A 
MATLAB based programs are developed to implement the 
proposed method including the mentioned optimization techniques. 
The developed programs are used to solve, power flow, short 
circuit, reliability assessment, optimal network reconfiguration, and 
distributed generation placement 

       The IEEE-43 bus test system is used to validate the applicability and 
suitability of proposed method for distribution system reliability 

assessment and enhancement. 
       A section of Diyala governorate distribution system is considered in 

this work for a system case study. That section in Baqubah district consists 
of four 11kV distribution feeders with 116-buses. Implementation of the 
proposed method in Baqubah sample system shows a significant reliability 



improvement. That is prevailed in most buses voltage profile and the 
reliability indices.         
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CHAPTER ONE 

INTRODUCTION AND SURVEY  

1.1 Introduction 

            Basically, the power system is designed to provide sufficient 

electrical power supply to the customers in its area with an 

acceptable level of the supply reliability. The necessities of modern 

living press steadily towards more and more electrical power 

consumption with total dependence on electricity supply. The 

increasing customers demand along with advancements in science 

and technology shaped the industry and the customers to realize and 

acquire a high level of safety, quality and reliability. Moreover, the 

realization of such features should be at the lowest possible cost. 

Power utilities are pushed towards developing planning and 

operating enhancement techniques in order to satisfy the mentioned 

features [1].    

           The losses of electric services have great impact 

economically and socially on both utility side and customer side. 

The cost of a major power failure limited to one area can cost 

enormously [2]. With recent advances in renewables, use of 

distributed generation (DG) in distribution networks is rising. 

Incorporation of the DG into the power system poses several 

challenges in terms of interconnection, protection co-ordination and 

voltage regulation. The advantage of adding DG to distribution 

networks are essentially, enhanced reliability, reduced  

 
 



energy cost, improve voltage profile and reduce system losses [3]. 

          The distribution system networks are designed as meshed 

interconnected networks, but they are configured into a radial structure 

when in operation. In other words, distribution systems are divided into 

radial subsystem feeders, which consist of a number of switches normally-

closed called sectionalizing- switches and a number of switches normally 

open called tie-switches [4]. 

 Distribution Network Reconfiguration (DNR) is one of the significant 

operational control schemes at distribution system sectors, which   is 

defined as altering the topological structure of the distribution feeders by 

changing the open/closed status of sectionalizing and tie-switches [5].       

1.2 Distribution Systems 

            Distribution systems transfer power from source of supply 

to different customers through transmission systems. To achieve 

this objective, the required powers are received from sub 

transmission network by distribution substations, usually scattered 

in the area of the load. These distribution substations step down 

voltages by power transformers and supply the primary distribution 

networks through many distribution feeders. These feeders are 

composed of different laterals such as single phase, two phase, main 

three phase line and distribution transformers. The medium voltages 

are stepped down to utilization level by distribution transformers to 

supply secondary networks [6]. 

             Failures of equipments in distribution systems cause the 

most propagated interruptions which disturb the customers supply. 

Studies revealed that, the weakest part between the supply and 

customer load point is the distribution sector. A reinforcement 

scheme for distribution system is relatively low-priced compared to 

 
 



schemes for a transmission or a generation enhancement. However, 

maintenance and enhancement projects in distribution systems cost 

large amount of funds [7]. 

1.3 Reliability Improvement in Distribution System 

             Traditionally, the efforts to improve the reliability of electrical 

service by utilities within industrial plants or other facility with critical 

power requirements have focused on reliability enhancement of the electric 

utility supply by use of historical data and multiple sources with high costs. 

The analysis of options available in the electrical system can lead to 

reliability improvement for the least cost. Such options include system 

reconfiguration, operation control and protection, added installations, etc. 

[8]. 

           The reliability of distribution system can be evaluated using a set of 

assessment indices. The IEEE std.1366-2003 standard explains in detail 

these reliability indices. In this work DNR and DG placement are 

suggested as reliability enhancement techniques. The reliability is to be 

assessed via three indices; the first one for sustained interruptions such as 

System Average Interruption Frequency Index (SAIFI), the second one for 

load interruptions such as the Average System Interruption Frequency 

Index (ASIFI) and a third, the Momentary Average Interruption Frequency 

Index (MAIFI).   

1.3.1 Distribution network reconfiguration process 

Generally, there are two types of switches in distribution systems, 

tie-switches and sectionalizing-switches. The network reconfiguration 

process can be explained using a sample distribution system.  A sample 

three feeder distribution systems is shown in figure (1.1), tie-switches 

are shown in dotted branches which are connecting nodes (10-14), (5-

 
 



11) and (7-16), while the sectionalizing-switches are assigned in other 

solid shown branches. Normally open mode is characteristic to tie-

switches, while normally closed mode characterizes sectionalizing-

switches. Network reconfiguration is performed by, changing the 

operating conditions throughout the opening / closing of these two types 

of switches to reduce resistive line losses. That is, a tie-switch may be 

closed for the purpose of transferring loads to different feeder and, at the 

same time, a sectionalizing-switch is opened to maintain the radial 

structure of the distribution network. For example, in figure (1.1), when 

the loads of feeder 2 become heavy under normal operating conditions, 

the tie-switch connecting nodes (5-11) may be closed to transfer the load 

at bus 11 from feeder 2 to feeder 1 and at the same time the 

sectionalizing-switch connecting nodes (9-11) must be opened to 

maintain the radial structure of the network [9-10]. 

Feeder2 Feeder3Feeder1 1 2 3

4

6

8

9

12

13

15167

      Load center Tie Switch     Sectionalizing 
Switch

5 11 10 14

 

Figure (1.1) Three feeder, 16-bus distribution system 

1.3.2 Distributed generation  

          Distributed generation or embedded generation involves the use 

of small-sized generating unit installed at key node of the electric 

 
 



power system. DG’s can run on renewable and/or small scale 

conventional energy sources. Wind, solar, fuel cell, micro-turbine, 

diesel engines, gas-turbine, etc. are among the sources of DG’s [1]. 

Also, DG can be used as a standalone source supplying local costumer’s 

demand. 

          In the distribution network level, DG installment has positive effects 

on the system voltages profile as well as on the capacity constraints of 

substations. 

The DG size and installment location are very important parameters 

affecting system voltage profile and the system losses. More than one DG 

installment in a system is not an oddity, and extra DG’s may be required to 

mitigate voltage profile problems [11].     

 

1.3.3 DG modeling for reliability studies 

           In this work DG placement is suggested as a technique for reliability 

enhancement in distribution systems. Based on the definitions of the 

reliability the most common source of interruptions in power system are 

shunt faults.  

A new modeling procedure of the DG for fault analysis studies is suggested 

in this work. The suggested mathematical modeling for the DG is an 

adaptation of the mathematical model proposed in [12] developed to 

represent DSTATCOM under fault events analysis.  

1.4 Optimization Techniques  

            Different solutions to linear and non-liner optimization 

problems were addressed by several researchers over the last 

decades. Normally a fitness function (cost function) which 

 
 



describes the problem under a set of constraints can represent 

mathematical model for an optimization problem. The set of 

constraints represents the space of solution for the problem [13]. 

Various heuristic approaches have been adopted by researches to 

solve optimization problems, for example genetic algorithm, 

simulated annealing, ant colony search algorithm, particle swarm 

optimization, gravitational search algorithm, etc. 

1.5 Literature Review 

          In this section a brief overview of the research papers in the 

area of distribution network reconfiguration and DG placement and 

sizing is presented. It is a well known fact that distribution systems 

at the low voltage levels are always of radial structure. In order to 

maintain such operation constraint, along with system loss 

minimization, reconfiguration is used. It is mentioned earlier, 

reconfiguration is the alteration of system topology, i.e., close one 

or more tie-switch and open one or more section-switch. The main 

aims of reconfiguration are: 

• System stays operatively radial. 

• All loads are served 

• Minimum losses. 

• Load balancing. 

• Minimizing voltage drops. 

• Improve system reliability  

A number of simple and complex methods, heuristics based methods were 

proposed in the literature to solve the reconfiguration optimization 

problems. These problems were formulated by single or multi-objective 

constrained cost functions. The progress in communication techniques, 

computer science and computational intelligence techniques makes the 

 
 



enforcement of network reconfiguration algorithms easier than before [10, 

14, 15, 16, 17, 18].  

            The basis of DG’s installment in distribution system networks 

stems from the principles closer generation to load is the better. That, in 

addition to deregulation strategies in power systems in general, and the 

introduction of renewables, gives the impetus for DG installations to 

increase. DG installations can serve many purposes in addition to supply 

load demand. These purposes include, voltage profile improvement, loss 

minimization, reliability enhancement, and when renewables are used, 

definitely cleaner environment and cheaper energy. One or multiple DG 

sites may be chosen in an area distribution system depending on the 

power required and the problem to optimize in the case study. In all DG 

installation studies the study results are DG size and DG connection bus 

(location) for a chosen cost function to be optimized. Similar to the 

reconfiguration problem, the DG sizing and location problem is solved 

using plenty of heuristic, artificial intelligence based computer methods 

[19, 20, 21, 22, 23, 24, 25, 26].  

 

 

1.6 Problem Statement 

          The literature survey in the distribution reliability, DG and DNR 

practices, show the possibility for further research in the field. It is clear 

that reliability enhancement by DG and DNR processes in distribution 

system are still topping the studies and need further research. 

1.7 Aim of the Present Work 

          The main objective of this work is to devise and propose a 

collective method for reliability enhancement. The proposed methods 

 
 



integrate the network reconfiguration and the DG placement together. 

The DNR and DG placement are to be decided based on the most 

reliable operating system states using artificial intelligence optimization 

techniques. That can be achieved   by pursing the following tasks:  

i. Develop mathematical model for calculating the number of 

interruptions and voltage sags considering the type of customer 

(sensitive or ordinary) and calculation of the reliability indices. 

ii. Adopt and build the following necessary matlab algorithms:   

• L.F solution algorithm 

• Fault calculation algorithm (all fault types, considering DG 

placement). 

• Distribution system reliability evaluation and calculation of the 

reliability indices. 

iii. Study and obtain results for reliability improvement   cases for a 

standard IEEE test system implementing the aforementioned 

techniques.    

iv. The proposed method is to be prepared and implemented on a 

realistic operative distribution system in Diyala governorate Iraq. 

Diyala sample distribution system to be considered for this 

purpose is of 116-bus, 11kV four feeder system. 

1.8 Scope of the Present Work 

         This work is organized in five chapters including this chapter and 

three appendices, the other four chapters are:  

Chapter two: Present the mathematical formulation of the proposed 

techniques i.e. DNR, DG placement, interruptions calculation, and 

reliability indices calculations. 

 
 



Chapter three: Focuses on the artificial intelligence optimization 

method used throughout this work. The GSA optimization method is 

thoroughly explained in this chapter. The encoding-decoding technique 

is also presented for its importance in the DNR process. 

Chapter four: Presents the test systems and the cases studied 

accompanied with results. 

Chapter five: Summarizes the main conclusions and some topics for future 

researches are also suggested. 
  

 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER TWO 

ANALYSIS AND MATHEMATICAL FORMULATION  

 2.1 Introduction  

           In power engineering, the power flow study (also known as load 

flow study) is an important tool involving numerical analysis applied in 

both planning the future expansion and best operating prerequisite of the 

 
 



existing power system. Analysis using power flow is the starting bench 

point for further analysis in almost all power system studies. 

          The principle information gained from the study of power flow is the 

magnitude and phase angle of the voltage at each bus and the reactive and 

real power flowing in every line. The nonlinear power equations and/ or 

voltage equations,  are solved iteratively following various methods, such 

as:  

• Newton-Raphson (N-R) method. 

• Fast -Decoupled method. 

• Gauss-Seidel method. 

Appendix A.1 shows a brief simulation of the basic equations and their 

solution in N-R method [27, 28].   

2.2 Distribution System Reconfiguration 

           The distribution network reconfiguration is early defined as the 

process of altering the sectionalizing and tie-switches for changing the 

system topology. The objective of the network reconfiguration in this work 

is to reduce the number of interruptions and voltage sag Nint&vsag. The cost 

function to be minimized can be mathematically expressed as:  

Min(C= Nint&vsag)                                                                                   (2.1) 

all distribution  system components are pone to all types of faults .These 

faults may involve, three-line  (LLL), line-line (LL), line-ground (LG), and 

line -line -ground faults (LLG). 

Fault impact on bus classification regarding voltage level can be  grouped 

into:  
• Buses with sag, i.e. voltage magnitude betwen 0.1 pu and  0.9 pu.  

• Buses with interruption, i.e. voltage magnitude below 0.1 pu . 

The former may be named " not completely interrupted ", and the later as, 

" completely interrupted ".[ 6 ] 

 
 



2.2.1  Line and cable failures 

            To estimate the number of interruptions which reduce bus 

voltages below a certain magnitude, it is important to define the 

exposed length of a line or portion of line and cables. The resulting 

exposed length can be multiplied by the fault rate ( faults per km 

per year of the line or cable) to obtain the number of interruptions 

per year for all possible fault events. 
The possible events may represent all fault occurrences on lines and cables. The fault rate, is 

λL for the faulted line or λC for cable of length L. The fault rate of distribution 

system elements are listed in table (A.2.1) in Appendix A.2 

 The expected number of  interruptions, (fL) due to all  types of faults  on all distribution lines 

and (fC) on cables can be expressed as given in equations (2-2) and (2-3) respectively [29] . 

fL= � � Li  λLFDK 

NL

i=1

4

K=1

                                                                              (2.2) 

fC= � � Lj  λCFDK 

NC

j=1

4

K=1

                                                                              (2.3) 

Where FD is fault type occurrence distribution percentage and are given in 

table A.2.2 in appendix A.2.   

The integers k, i, and j are the fault type index, line number index, and 

cable number index respectively. All interruptions and voltage sags caused 

by lines are included within  fL i.e: 

   fL = fLint+fLvsag                                                                                      (2.4) 

2.2.2 Bus and transformer failures 

           Similar to line and cable  failures the number of  failures due to 

faulted buses( fB) and faulted transformers, (fT)can be calculated using the 

fault rate in system buses (faults per bus per year, λB) and the fault rate in 

distribution transformer (faults per transformer per year, λ𝑇𝑇) and can be 

expressed as follows:   

 
 



fB= � � BmλBFDK

Nbus

m=1

4

K=1

                                                                                     (2.5) 

fT= � � TnλTFDK

NT

n=1

4

K=1

                                                                                     (2.6) 

             Where m is the bus (B) index and n is the transformer (T) index. 

The total expected number of interruptions and voltage sags,  Nint&vsag due 

to all fault events occurring in the system can be calculated as [29]: 

   Nint&vsag = fL+fC+fB+fT                                                                       (2.7)                                                               

             The calculation of number of interruptions should be done during 

short circuit event. The number of interruptions (sustained and momentary) 

and voltage sags can be obtained by testing the voltage magnitude, Vb of 

the bus according to the type of the connected load to that bus. Based on 

the voltage sag problem the loads can be classified into two types, non-

sensitive and sensitive. The non-sensitive load is defined as the load that is 

not affected by the voltage sag, and continues functioning (though 

degraded) until 0.1 pu voltage magnitude. Most of domestic and residential 

loads are non-sensitive. Sensitive loads on the other hand, are defined as 

the loads that are switched off when a voltage sag problem occurs, most 

industrial loads are sensitive.  

i. For non-sensitive load bus, the total number of voltage sags and 

interruptions,  Nint&vsag ,  can be classified into a number of  voltage 

sags, Nvsag and a number of interruptions, Nint. Meanwhile, the 

interruptions are classified as either momentary Nint.mom  , or 

sustained Nint.sus interruption, subjected to the fault location and the 

position of load point which is either upstream or downstream of the 

fault location. These classifications are expressed in the forms given 

in equations (2.8) and (2.9).  

 
 



 

           Nint&vsag = � 
Nint                         for Vb ≤ 0.1 pu

Nvsags            for 0.1 pu < Vb< 0.9 pu
�                         (2.8) 

          and, 

            Nint= � Nint.sus   for downstream buses including the faulty bus 
Nint.mom                                               for upstream buses

�  (2.9) 

ii. For sensitive load bus, both voltage sags and interruptions cause 

sustained interruptions, Nint.suswhich is expressed as follows: 

Nint= {Nint.sus                      for all Vb < 0.9 p.u�                                  (2.10) 

           The Nint obtained from equation (2.10) represents the number of  

sensitive customers affected by all possible fault events during the 

assessment period [30, 31]. 

 

2.3 DG Placement in Distribution System 

             Based on the proposed objective in this work, the effectiveness of 

the DG placement in the distribution systems can be evaluated. It is known 

that the most number of interruptions and voltage sags are caused by short 

circuit events. Therefore, it is necessary to formulate the mathematical 

model of the DG for all types of fault events.  

During fault event, the DG is treated as a current source, and the bus 

voltage magnitude is change due to its presence and can be  calculated. 

Reference [12] derived a mathematical model the of the injected curent 

of a FACTS device for short circuit analysis in distribution network. In 

this work,  it is intended to adopt the same model for the injected current 

provided by the DG. The procedure is suggested because of the 

similarity of the  shunt current injection mode of the  DG and FACTS 

device. The modeling modification is proposed because the FACTS 

device  is a shunt injecting device similar in operation to the DG. Using 

 
 



the impedance matrix method of short circuit analysis, voltage  at every 

bus can be calculated. Bus-k voltage is the sum of the pre-fault voltage 

and every deviation due to all other current injections. In this work,the 

current injections are those, due to fault and DG presence. Generally 

bus-k voltage equation can be written as:   

     VK=VK
Pre-fault+∆VK                                                                            

(2.11)  

If ZKf is called transfer impedance (between the faulty bus and bus-k), 

the change in voltage magnitude at bus-k because of  the fault current is 

 calculated  as: 

  ∆VKf= −ZKf×If                                                                                     
(2.12)                    

If the DG current, IDG is injected , ZKDG is the impedance between DG 

bus and bus-k, then the change in voltage magnitude is given as:  

  ∆VKDG=ZKDG×IDG                                                                               

(2.13) 

           The overall change in bus-k voltage is sum of both changes,due 

to fault event and that due to IDG injection, i.e.:    

  ∆VK=∆VKf+∆VKDG                                                                            

(2.14)              

 Substituting equations (2.12) and (2.13) into equation (2.14), the total 

change in voltage magnitude is obtained as,   

∆VK= −ZKf×If + ZKGD×IDG                                               (2.15) 

Substituting equation (2.15) into equation (2.11), the bus voltage 

magnitude  during the fault is given as:  

 
 



  VK=VK
Pre-fault+  ZKDG×IDG − ZKf×If                    (2.16) 

           The full bus impedance a matrix equation during fault event 

including the DG injected current is given in equation ( 2.17). The 

injected current is included as an element in the bus current matrix. For 

unsymmetrical fault events, the basis of summetrical component are 

followed in calculating the fault current. When the fault current, If is 

known, the sequence voltages at all buses can be easily calculated using 

equation (2.16). After converting voltage sequence values back to phase 

values, the bus voltage magnitude and phase angle of each phase can be 

obtained. 
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⋮
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V1
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⋮
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In appendices (A.3 and A.4), derivation for the DG injected current and DG 

presence mathematical formulation under different fault event are 

presented.                   

2.4 Reliability in Distribution Power Systems  

            Distribution system reliability is one of the most important issues in 

the electric power industry due to its high impact on the electricity market 

and its high correlation with customer satisfaction. In the past, the 

distribution sector of the power system received considerably less attention 

in terms of reliability planning compared to generation and transmission 

sectors. For the past few decades onward, the topics of reliability standards, 

indices and techniques of enhancement in the distribution sector are 

receiving great deal of research interests.   

2.4.1 Reliability assessment indices 

 
 



          The IEEE std [32] designated three reliability indices in distribution 

systems these are, SAIFI, ASIFI and MAIFI indices are given as: 

• System average interruption frequency index (SAIFI)  

 This index is designed to give information about the average frequency 

of sustained interruptions per customer over a predefined area. 

      To calculate the index, use the following equation [32]; 

      SAIFI= ( ∑ Ni
nv
i=1 ) (NT⁄ )                                                               (2.18) 

      Where, 

       Ni  = Number of interrupted customers for each interruption event  

      during the assessment period.                     

       NT = Total number of customers served.  

      nv = Total number of interruptions event during the evaluation 

      period. 

                                       

 

• Average system interruption frequency index (ASIFI) 

     This index was specifically designed to calculate reliability based on 

      load rather than number of customers. It is an important index for areas 

     that serves predominantly industrial commercial customers. It is also 

      used by utilities that do not have elaborate customer tracking systems. 

      Similar to SAIFI, it gives information on the system average frequency 

     of interruption. To calculate the index, use the following equation 

     as [32]: 

     ASIFI = ( ∑ Li
nv
i=1 ) (LT⁄ )                                                                (2.19) 

    Where, 

      Li  = Connected kVA load interrupted for each interruption event. 

 
 



      LT = Total connected kVA load served. 

• Momentary average interruption frequency index (MAIFI) 

      This index is very similar to SAIFI, but it tracks the average 

      frequency of momentary interruptions [32]. 

      MAIFI = ( ∑ Nmi
nv
i=1 ) (NT⁄ )                                                  (2.20) 

      Where, 

        Nmi =Number of momentary interrupted customers for each        

      interruption event during assessment period. 

        NT =Total number of customers served for the area being indexed. 

2.5 Optimization in Distribution Systems 

           Numerous problems in the distribution system network which 

cannot solved by using the traditional avenues. In these cases, optimization 

techniques are necessary to reach reasonable, acceptable solution. 

Optimization is required in many distribution system studies. These include 

operation and planning, request side management … etc. 

To introduce a robust solution in this research work, three optimization 

algorithms are adopted and applied namely, GA, PSO and GSA. 

• Genetic Algorithm (GA) is a heuristic optimization technique based 

on the mechanics of natural selection, such as mutation, 

reproduction, and crossover, GA is widely used in distribution 

system for solving many problems such as network reconfiguration, 

load balancing, capacitor placement, FACTS placement and optimal 

dispatch [33]. Details  of the GA formulation is given in appendix 

A.6  

• Particle Swarm Optimization (PSO) has shown a great promise in 

distribution system optimization problems. The PSO simulate the 

demeanor of individuals in a swarm to maximize the survivability of 

 
 



the kinds [36]. Details of the PSO formulation is given in appendix 

A.7 

• Gravitational Search Algorithm (GSA) is a heuristic optimization 

algorithm which is gaining attention among the scientific 

community recently. GSA is a nature inspired algorithm which is 

based on the Newton’s law of gravity and the law of motion [42]. 

Chapter three explains primarily the GSA optimization algorithm. 

 

              

 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
 
 
                                         CHAPTER THREE 

GRAVITATIONAL SEARCH ALGORITHIM APPLICATION IN 

RELIABILITY ENHANCEMENT 

3.1 Introduction 

          In this chapter, introduction and use of the GSA optimization 

technique for DNR and DG placement are presented. 

 3.2 GSA Optimization Principles 

         Rashedi et al. introduced GSA in 2009 and was intended to solve 

optimization problems in power system. In GSA algorithm, the searcher 

agents are a collection of masses which interact with each other based on 

the Newton’s gravity and the laws of motion [40]. The Newton’s 

gravitational force acts at a way which is called ‘‘action at a distance”. It 

means gravity acts between two separated bodies without any intermediate 

thing and without any delay. In the gravity Newton’s law, each body 

attracts every other body with a ‘gravitational force’. The force of 

gravitational between two bodies is directly proportional to their masses 

product and inversely proportional to the square value of the perpendicular 

distance between equation (3.1) and in equation (3.2) 

   F = G(M1M2)/R2                                                                                   (3.1) 

    a = F/M                                          (3.2) 

Based on equation (3.1), F represents   the gravitational force magnitude, G 

is a constant of gravitational, M1 and M2 are the masses of the first and 

second bodies respectively, while R represents the distance between the 

 
 



two bodies. Equation (3.2), shows that when a force, F, is applied to an 

object, the acceleration (a) depended on the mass and force of the object. 

In GSA, the agent has four parameters which are position, inertial mass, 

passive gravitational mass and active gravitational mass. The solution of 

the problem represents position of the mass, where the inertial and 

gravitational masses are evaluated using the fitness function. 

 The navigation of the algorithm is done by regulating the inertia and 

gravitational masses, whereas each mass position may be considered a 

solution. The heaviest mass attracts all masses. Hence, an optimum solution 

in the problem space is presented by heaviest mass. The steps of 

implementing GSA are as follows: 

Step one: Initialization of agents 

Consider a system with N agent. The positions of agents are initialized 

arbitrarily by: 

Xi=(xi
1,………,xi

d,……..,xi
n)                                            i=1,2…..N        (3.3)                                    

Where 𝑥𝑥𝑖𝑖
𝑑𝑑  represents the position of ith agent in the dth dimension. 

Step two: Fitness calculation 

In minimization or maximization problems, the evolution of fitness is 

performed by evaluating all agents at each iteration of the best and worst 

fitness.  In a minimization problem (such as the cases in this work): 

best( t )= min  j ∈ {1,…..N} fitj(t)                                                                   (3.4) 

worst( t )= max j ∈ {1,…..,N} fitj (t)                                                      (3.5) 

Where, fitj(t) represents the value of tested fitness for the jth agent at 

iteration t, meanwhile the best(t)and the worst(t) are  the best fitness and 

worst fitness values at iteration t. 

 
 



Step three: Computation of the constant (G) of gravitational  

Constant (G) of gravitational is evaluated at iteration t as: 

G(t) = G0e(-∝ t
T)                                                                                      (3.5) 

Where; 

G0 and ∝ are initialized at the start and will be reduced with iteration to 

control the search precision. T is the total number of iterations. 

Step four: Agent masses computation 

Gravitational and inertia masses for each agent are calculated at  

 iteration t. 

 Let Mai = Mpi  = Mii  = Mi ,                                                     i = 1, 2... N 

mi(t)= 
fiti(t)-worst(t)
best(t)-worst(t)

                                                                             (3.6)   

Mi(t)=
mi(t)

∑ mj (t)N
j=1

                                                                                  (3.7) 

Mai and Mpi are the active and passive gravitational masses respectively, 

while Mii  is the inertia mass of the ith agent. 

Step five: Agent Acceleration computation 

Acceleration of the ith  agents at iteration t is computed. 

ai
d(t)= Fi

d(t)
Mii (t)

                                                                                            (3.8)   

Fi
d( t ) Represents overall acting force on ith  agent, it is calculated as:  

Fi
d(t)= ∑ randj Fij

dN
j=1,j≠i (t)                                                                         (3.9)                                                    

 

The k best is the first k agents set with the best value of the fitness and 

biggest mass. During iteration, k best will decrease linearly; where 

 
 



obtained results at the final will present only one agent can stratify force to 

the another. Fij
d (𝑡𝑡) is calculated as the  

    Fij
d (𝑡𝑡) = G( t )  Maj(t)MPi(t)

Rij(t)+ε
�xj

d(t)-xi
d(t)�                        (3.10) 

Fij
d  is the force effective on agent i from agent j at dth dimension and tth 

iteration. Rij(t) is the distance of Euclidian between any two agents such as  

i and j at t degree of iteration. G(t) is the calculation constant of 

gravitational at the same t degree of iteration, while ε is very small 

constant. 

Step six: Velocity agents and positions: 

           In the binary of GSA which is the similarity as that of PSO, a 

normalized function referred to as sigmoid function S(νi
d) is used to 

transfer νi
d into a prospect function. The function S(νi

d) which is in the 

interval of (0, 1) is given by,  

vi
d(t+1)=randi×vi

d(t)+ai
d(t)                                                                    (3.11) 

S(vi
d(t)=1/(1+e-vi

d(t))                                                                                

(3.12)                                      

Once S(vi
d(t) is computed, the new next  positions of the agents will be 

reached according to the following rule,  

   xi
d(t+1)= �

comp (xi
d(t))→rand< S(vi

d(t+1))               
xi

d(t)→els                                            
�                         

(3.13)   

 

Step seven: Iterate  

           Steps two to six are repeated while the maximum limit of iterations 

reach.   Best fitness value at the end iteration is calculated as the global 

 
 



fitness while the position of the corresponding agent at specified dimension 

is computed as the global solution of that particular optimization problem 

[40, 42, 43]. Figure (3.1) shows the flowchart of the optimization algorithm 

GSA.  

 

 
                                    Figure (3.1) Flowchart of GSA [48] 
3.3 Encoding –Decoding Techniques 

            Encoding can be defined as a translate process variable to binary 

string decision, while, decoding exactly the opposite. Decoding is 

translating binary string into decision. 

3.3.1 Encoding –decoding for binary DNR       

 
 



          Usually, any optimization process is initiated by a population 

randomly generated. However, the most number of generated strings are 

infeasible because of the random generation, especially when system 

constraints are considered.  Therefore, it is necessary to use an encoding 

technique to reach the feasible solutions by generating only the appropriate 

strings. The encoding process depends on the first step of network 

configured analysis to find the participated branches in each loop that is 

formed as each tie-switch is closed.  

            In distribution network the radial structure should be maintained 

during optimization process; therefore basic of technique presented in the 

reference [44] is adopted in this work. The encoding-decoding procedure is 

explained in detail in appendix (B.1). 

3.3.2 Encoding– decoding for DG placement  

            In the optimization process, all the possible sizes and locations of 

DG are evaluated by obeying the objective functions (fitness functions). 

To prepare the search space in the optimization process, all system 

buses are considered as candidate locations for DG installation. Thus, an 

initial population of possible DG locations has to be encoded 

accordingly.    

The encoding technique is required to represent the possible DG 

locations in terms of a set of binary strings to be used as population in 

the optimization process. Meanwhile, a decoding technique is required 

to translate every binary string in this population to a new possible DG 

location. The encoding-decoding algorithm of a DSTATCOM placement 

presented in reference [31] is adopted and used in this work. For more 

information the procedure is explained in appendix [B.2]. 

 
 



3.4Gravitational Search Algorithm for Optimal Network 

Reconfiguration  

           In this work GSA, is applied for solving optimal network 

reconfiguration in distribution systems for the purpose of enhancing 

reliability. The GSA implementation presnted in reference [31] is adopted 

for optimal network reconfiguration as shown in figure (3.2) and described 

as in the following steps:  

Step 1 - Prior to optimization: Run base case load flow and short circuit 

analyses considering all types of faults. Calculate the bus voltages, line 

currents, system losses, SAIFI, ASIFI and MAIFI.  

Step 2 - Initialization: Binary strings of N-number (search space) of agents 

for initial population are coded according to the basis of the switching 

actions encoding technique. Each binary string represents the possible 

radial network configuration which is considered as an individual in the 

population. Each population is represented by one mass in the system of 

masses of GSA.  This system of masses is represented by equation (3.3). 

Step 3 - Fitness evaluation: Fitness function evaluation starts by using the 

decoding technique to generate new network configuration for the tested 

system. All the required system analysis is done to calculate the bus 

voltages, line currents, system losses, and reliability assessment indices. 

These calculations are subjected to the system operation constraints 

mentioned later in section 3.6. The population is evaluated the regarding 

fitness functions equation (2.1). Evaluation is done for all the agents in the 

population, in which the best case and the worst case of system states for 

this iteration  

 
 



 

 

Figure (3.2) GSA for optimal network reconfiguration 

are calculated using equations (3.4) and (3.5), respectively. In this work, 

the best case is when fitness function at when the fitness function at 
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Step 4 - Updating the masses (gravitational and inertia) and G(t) constant: 

The gravitational and inertia masses for the current iteration can be 

calculated using the fitness map and updated by using equation (3.6).  In 

GSA, the gravitational constant, G, will take an initial value G0, and it will 

be reduced with iteration increase.  

Step 5 - Calculating the total force and agent acceleration: In this step, the 

total force acting on the ith agent is calculated by using equation (3.9). 

Based on the calculated attraction force, the acceleration of each agent can 

be calculated using equations (3.9) and (3.10). 

Step 6 - Update the velocity and position for each agent: The next agent 

velocity is updated within its current velocity then added to the acceleration 

itself by using equation (3.11). Meanwhile, the agent position is updated in 

binary GSA according to the new velocity using the sigmoid function and 

the specified rules as in equation (3.13).  

Step 7 - Steps 2 to 5 will be repeated until the stop criterion is satisfied. At 

the final step of iteration, the algorithm reaches a global solution of the 

optimization problem in which the global solution is represented as the 

value of positions of the corresponding agent at specified dimensions. A 

new configuration of the distribution system obtained by optimum solution 

that can improve network performance by reducing the number of 

propagated interruptions throughout the whole system during the period of 

evaluation which is usually one year.  

 
To validate the implementation of the proposed GSA for solving the 

optimal network reconfiguration problem, it is compared with other proven 

heuristic optimization techniques such as Genetic Algorithm (GA) and 

PSO. GA is selected because in the past it has been proven and widely used 

in solving various optimization problems in power systems. PSO is 

however, more recent compared to GA and it is also widely used in power 

 
 



system optimization. The Flowchart of PSO and GA used in DNR 

optimization are presented in appendix (B.3).   

3.5 Gravitational Search Algorithm for DG sizing and placement 
          The implementation of GSA for finding optimal location and size of 

DG in a distribution system is described in terms of a flowchart as shown 

in figure (3.3). The step-by step procedure for the GSA implementation is 

described as follows: 

Step 1: Initialization: Initially, the binary strings for initial population are 

coded by using the encoding technique for the identified searching space. 

The optimization by GSA commences with a population randomly 

generated. Each population is represented as one mass in the system of 

masses of GSA as in equation (3.3). At the same time, the rates of some 

GSA operators such as G0, α and νmax are defined in this step. 

Step 2: Fitness function evaluation: The evaluation of fitness function 

starts after finding the location and size of DG using the decoding 

technique. Short circuit analysis incorporating the DG model is performed 

to calculate the bus voltages, line currents, system losses, number of 

interruptions and sags. The fitness functions given by equation (2.1) are 

then evaluated for all the agents in the population. The best case of fitness 

evaluation is considered as the location and size of DG which gives 

minimum number of propagated interruptions. Each iteration, the best and 

worst cases are calculated using equations (3.4) and (3.5) respectively. The 

best case gives minimum value of fitness function while the worst case 

gives maximum value of fitness function. The worst and best values of 

fitness function are required in the calculation of force  
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 Figure( 3.3) GSA for DG sizing and placement  
 

 

 

 
 



operator of the GSA algorithm.  

Steps 3, 4, 5:  These steps are similar to that described in the GSA 

implementation for DNR as in the previous section (3.4).  

Step 6: Stop criterion: Similar final criterion for the DNR procedure is 

used to terminate the optimization process. The optimum solution obtained 

by the GSA is in terms of the optimal location and size of the DG which 

can improve voltage sag performance by minimizing the number of 

propagated interruptions during the defined period of evaluation. The 

improvement of reliability performance can be evaluated by calculating the 

assessment indices, namely, SAIFI, ASIFI and MAIFI. 

Flowchart for PSO and GA optimization algorithm for DG sizing and 

placement are presented in appendix (B.3). These techniques were 

implemented for validation of the GSA method as for the DG sizing and 

placement is concerned. 

3.6 Constraints Consideration for Reliable Operation   

             There are many constraints for the operation of distribution 

network which can be summarized as follows:             

• The distribution network should be in a radial structure. 

•  All the load points and system buses must be in connection state. 

•    The buses voltages magnitudes should be within standard nominal 

limits,        Vmin ≤ Vi ≤ Vmax. 

• The lines loading of flowing currents must be within the standard 

thermal limits of the lines, 

       Ii ≤ Iimax.. 

• System line loss must be within acceptable limits (12%). 

 

 

 
 



 

3.7 Overall System Reliability Enhancement  

             For effective reliability enhancement, it is proposed to combine 

the optimal DNR and optimal DG sizing and placement methods rather 

than implementing individual method separately. The proposed 

integrated method can be implemented in sequence in which the 

optimal network reconfiguration method is first implemented and then 

followed by the optimal DG sizing and placement method.   

To evaluate the voltage sag performance for the whole system within a 

defined period of evaluation, the number of propagated interruptions 

and voltage sag of the integrated method, Ig-Nint&vsagcan be calculated 

using equations (2.2) to (2.6). If the number of propagated interruption 

for the base case is Nint&vsagbase, then the percentage improvement in 

minimizing the number of interruptions, Nint&vsag imp  is given by,  

Nint&vsag imp= (Nint&vsag base) –(Ig-Nint&vsag ) 
(Nint&vsagbase )

%                                  (3.14)                                  

Reliability performance can also be evaluated by using the reliability 

indices, SAIFI, ASIFI and MAIFI.  If  SAIFIbase is the index calculated at  

base case and  SFIAIbase is the index calculated after the combined 

optimization method, then the improvement in minimizing the 

reliability index, SAIFIimp is given by:                    

SAIFI imp=
SFIAIbase-SAIIFIg

SFIAIbase
 %                                                               (3.15)               

In the same manner the improvement can be calculated for ASIFI and 

MAIFI as in equations (3.16) and (3.17) respectively. 

 
 



ASIFI imp=
ASIFIbase-ASIFIIg

ASIFIbase
 %                                                            (3.16)   

MAIFI imp=
MFIAIbase-MAIIFIg

MFIAIbase
 %                                                          (3.17)  

The proposed combined DNR and DG reliability enhancement methods 

are implemented. The three heuristic optimization techniques, (GSA, 

PSO and GA) are used for solving optimization problem. The flowchart 

for implementing each of these heuristic optimization techniques is 

shown in figure (4.3) and the implementation procedures are described 

as follows:  

Step 1: Base case analysis 

Step 2: Optimal DNR implementation  

Step 3: Definition of new network configuration 

Step 4: Optimal DG placement implementation 

Step 5: System reliability evaluation 

 

 
 



 
Figure( 3.4) Integrated method reliability enhancement 

 

 
 
 
 
 
 

 
 



CHAPTER FOUR 

CASES STUDIED AND RESULTS 

4.1 Introduction 

           In this work two distribution systems were considered as test cases 

for the proposed procedure to be implemented. These systems are, the 

IEEE-43bus one taken for the IEEE std.399 [45], and the second is part of 

the operative Diyala distribution grid. The Diyala test case comprises a116 

buses system, the first bus is at 132kV, the 3rd and 4rd buses are at 33kV, 

and the rest 113 buses are at 11kV levels. 

4.2 Systems Description and Data 

          The test case systems data are mentioned briefly here and elaborated 

in appendix C. 

4.2.1 The IEEE-43 bus distribution system 

           The IEEE-43 bus system is an industrial distribution system and its 

single line diagram is shown in figure (4.1). The system contains four tie 

switches, as bus-pairs, (10-12), (15-26), (16-24), (30-38). The detailed 

system data are presented in appendix (C.1).  

4.2.2 Distribution system practice in Iraq 

            Figure (4.2) shows a schematic representation of an Iraqi 

distribution system section. The sub-transmission delivers bulk 

power to the distribution substation at 33kV level. The 33kV sub-

transmission level further transformed into the 11kV level for local 

distribution. The primary 11kV feeders transports power to load 

centers (100-1250) kVA via three-phase sub-feeders radialy [46].

 
 



 
 

Figure (4.1) The configuration of the IEEE 43-bus system [45].
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Figure (4.2) Sample single line diagram of a distribution system [46] 

      4.2.3 Diyala electrical distribution system 

The power supply in Diyala governorate consist basically one 

main substation 400/132kV  ̧ which is supplies numerous of 

substations of 132/33kV and 132/33/11kV over the Diyala area. 

Table 4.1 illustrates the number of these substations with their 

specifications.    

 

 

 
 



Table (4.1) Dyiala main substations 

NO. Full Name No. of 
Trans. 

Trans. 
Voltage 

ratio(KV) 

Capacity 
MVA 

Percentage impedance 

H-M H-L M-L 
1  Al-Gharbyah 

 
3 
 

132/33/11 
 

2(50/50/16) 
1(63/50/25) 

0.126 
0.105 

0.207 
0.111 

0.066 
0.049 

2 Al-MGharbyah  1 132/11 25 0 0.1155 0 
3 Al - Sharqyah 

  
3 
 

132/33/11 
 

2(63/50/25) 
1(63/50/25) 

0.1185 
01221 

0.2104 
0.187 

0.069 
0,092 

4 Al-khals 2 132/33/11 63/50/25 0.106 0.2123 0.1016 
5 Al-meqdadia  3 132/33/11 63/50/25 0.1246 0.1345 0.0937 
6 khanaqen 3 132/33 63/50 0 0.1283 0 
7 Baladrose  3 132/33 63/50 0 0.1283 0 

    

           Parts of the 33/11kV substations consist of two transformers each 

31.5MVA; the one line diagram of such a station is shown in figure  4.3. 

Seven feeders are supplied by each transformer through 11kV bus, also 

connected to the bus, an auxiliary feeder ﴾supplies a small 11/0.4kV 

transformer for substation control and services﴿. Other types of 33/11kV 

substations are also operative in Diyala area, such equipped with two 

transformers of 16MVA or two transformers of 10MVA or 5MVA. 

Mobile sub-stations of 132/11kV equipped with one transformer of 

25 MVA each are also in use. The one line diagram of a mobile substation 

is shown in figure  4.4. The Transformer supply 11kV bus connected to it 

six feeders. Auxiliary transformer of 11/0.4 kV; 100 kVA is also connected 

to the low voltage terminals of the power transformer. 

    

 
 



 
Figure (4.3) 33/11kV Sample sub-stations with two transformers [46] 
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Figure (4.4) Sample 132/11kV mobile sub-station [46] 

   4.2.4 Baqubah distribution system case study 

             The studied case is selected as a part of Baqubah city distribution 

network.  Baqubah city is supplied by two main sub-transmission stations 

named, Al-Gharbyah and Al-Sharqyah substations.  

Al-Gharbyah substation is equipped with three power transformers of 

132/33/11 kV two of them are of power rating 50/50/25 MVA and the other 

is 63/50/25 MVA. Seven feeders at the 33kV level feed seven 33/11 kV 

substations. Only one feeder of 33kV which supplies Al-korea substation 

(33/11kV, of two 31.5MVA transformers) is considered in this work. Nine  

 
 



11 kV feeders outgoing from Al-Garbyah  station serving a large  area of  

mixed  residential, industrial  and commercial loads.   

Al-MGarbyah mobile substation is equipped with only one station 

transformer of 132/11 kV of power rating 25MVA. Five 11kV feeders 

outgoing from Al-MGarbyah substation are feeding small area of mixed 

residential, industrial, and commercial loads. Only three feeders of them 

are considered in this work. 

The selected case study has 120 line sections, 116 buses, and 4 tie 

switches. The selected case study represents a distribution network which is 

supplied by two substations, Al-MGharbyah and Al-Korea. It is composed 

of four 11kV feeders; three of them are supplied by  

Al-MGharbyah substation while the other one is supplied by Al-Korea 

substation. The system data is given in appendix (C.2). The schematic 

diagram of the selected system is shown in figure (4.5). 
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 Figure (4.4) Diyala 116-bus test cease system        

 

 
 



4.3 Results and Discussion 

            In this work, the developed and adopted algorithms were tested 

using the IEEE-43bus test system. The validation is mainly based on the 

load flow and short circuit analysis results. For the fault state (short 

circuit), all the, LLL, LL, LLG and LG faults were assumed. A base case 

study is common for both systems studied, i.e. the IEEE-43 bus and 

Baqubah -116 bus. The results of the base case are the total number of 

interruptions and voltage sag, and the three reliability indices. Those of 

course with no DG and tie-switches are all open. 

          The three optimization techniques namely, GA, PSO, and the GSA 

are implemented and results of optimal system configuration (DNR 

process) is obtained and presented for comparison. The opened 

sectionalizers were kept form the DNR process and a DG optimal sizing 

and placement process is performed using the aforementioned optimization 

techniques. In both processes, the impact is evaluated based on the total 

number of interruptions and voltage sag, and the three reliability indices. 

           Extensive series of simulation studies for both test cases were 

conducted and huge amount of results were looked at and analyzed. Due to 

the broad and wide spectrum of the subject, only sample results are to be 

presented in the following sections. These are mainly for the state of three-

phase faults and mostly regarding the GSA implantation. 

       In both test systems studied, the followings are assumed: 

i.      All loads are balanced. 

ii. All system bus voltages are balanced and in steady-state       

    operation. 

iii. The main substations are excluded as a fault location   

iv.  Each load point is considered as a group of customers in 

 
 



        the reliability evaluation.          

v. All industrial loads are treated as sensitive loads against voltage 

       sag problem in the reliability evaluation.         

vi. The fault is always a solid short circuit.  

4.4 The IEEE-43 Bus System: Software Validation 

         The IEEE std.399-1997 furnishes the 43-bus industrial system data 

and the results of a load flow and short circuit studies. Figure (4.6), quoted 

from the above std. and shows the load flow results, and in comparison to 

those obtained in this work, as shown in figure (4.7) a maximum of 0.3% 

deviation in the voltage was noticed. Such deviation is negligible, 

moreover, a sample bus (bus-19) is considered here for a LLL fault study 

presentation. Figure (4.8) shows the fault study results obtained in this 

work. Table (4.2) shows the fault current values in pu, obtained in this 

work and that quoted from the std. 

Table (4.2) Three phase fault current for bus-19 

Fault current 

(pu) 

Std.399-1997 Obtained in this 
work 

% Difference  

7.600 7.121 4.8 

  The discrepancies in the values are theoretically acceptable and attributed 

mostly to the different algorithms and the used programming languages. 

 

 

 
 



 

 

 

 

 

       

 
 
 
 
 
 
 
 
 
 
 

Figure (4.6) Load flow report of the IEEE-43 bus system [45] 

 
 



 
 

 
 



 
 
 

Figure (4.7) Sample report of load flow voltage profile 

 

 
 



 

 

Figure (4.8) Sample report of short circuit in bus-19 

 

 

 
 



4.5 The IEEE- 43Bus: System Results  

         This section presents the test results of the proposed method on the IEEE-

43bus system. 

 

4.5.1 Base case results 

            Figure (4.9) presents the base case voltage profile of the 

system. Magnitudes of voltages in most bus are within the acceptable 

standard limits. Fault analysis simulations were conducted on all buses 

except the supply substations. Buses 1, 2, 3, 4, 5, 6, 7, 8 and 43 keep 

out from the simulation, wherever the main source is bus 1, buses 2, 3, 

4, 5, 6, 7, 8 and 43 are the main substations. The system bus voltage 

magnitude attributed to three- phase fault on bus 19 is shown in figure 

(4.10).  

 
Figure (4.9) Base case voltage magnitude 
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Figure (4.10) Voltage magnitude with fault at bus 19 

Table (4.3) illustrates the IEEE -43bus base case results based on number of 

interruption and voltage sag, sustained interruption index SAIFI, momentary 

interruption index MAIFI, load interruption index ASIFI, and the open tie 

switches. These indexes are betters low depend on reliability of system.   

Table (4.3) The IEEE-43bus base case reliability report 

Base case system evaluation 

Nint&vsag 209 

SAIFI 0.58 

MAIFI 0.61 

ASIFI 0.015 

Tie switches (10-12),(15-26), (16-

24),(30-38) 
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4.5.2 Optimal DNR results 

          The three optimization algorithms were used to find the minimum   Nint&vsag for the entire 

system. Different optimal DNR solutions were obtained by the three optimization algorithms, during 

the convergence process and converged finally to the same results.  Figure (4.11) shows the 

convergence process of GSA, PSO and GA fitness for minimum Nint&vsag . 

 

             Figure (4.11) Convergence characteristics of GSA, PSO and GA 

                                 (IEEE-43 bus test system) 
The same network configuration has been reached by the three optimization algorithms but PSO 

is the best to reach optimum solution as shown in Figure (4.11). Table (4.4) shows the new 

optimally reconfigured system with the given section switches open and four tie switches (given 

in part 4.2.1) closed.  
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Table (4.4) Optimally configured IEEE-43 bus system 
Optimization Method Open Section Switches 

 DNR by GSA (27-30)(3-26)(10-27)(4-24) 

 DNR by PSO (27-30)(3-26)(10-27)(4-24) 
       DNR by GA (27-30)(3-26)(10-27)(4-24) 

          Figure (4.12) shows the voltage magnitude with and without DNR, it is obvious the voltage 

profile is improved by applying the DNR process.    

 

Figure (4.12) Voltage magnitude with and without DNR 

 

The improvement in the reliability parameters is evident from table (4.5). The reduced 

Nint&vsag   (23.9 % reduction) from the base case is a result of optimal DNR. The 

reliability indices of the system, SAIFI and ASIFI, are reduced by 54% and 31.3% 

respectively; while MAIFI is increased by 12.4%. After DNR the improvement in 

reliability performance is shown throughout the reduction in Nint&vsag , SAIFI and ASIFI 

with a little bit increase in MAIFI because of the nature of the system that it is industrial.  

              Table (4.5) shows the summary of the reliability results including the base case before 

reconfiguration for comparison. In table we obtained the same result by three optimization method 

in IEEE std system.       
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Table (4.5) IEEE-43 bus reliability results with DNR only 

 

 

 

 

 

 

 

 

 

 

 

 

4.5.3 DG inclusion in the IEEE-43 bus system 

In this section, results of a developed method of an optimal DG sizing 

and placement are presented. Proposed mentioned optimal method is 

implemented after DNR performance. Figure (4.13) shows the 

convergence process of the three optimization fitness functions. The 

all converged to the same value, but PSO reaches the optimum 

solution firstly. 

Figure (4.14) shows the system buses voltage magnitude for the base 

case and bus 19 three phase fault case. Also, figure (4.14) shows the 

system results when both DNR and DG practices were employed. 

 

System  

state 
Nint&vsag 

  

SAIFI 

 

ASIFI 

 

MAIFI 

Base  case 209 0.58 0.61 0.015 

DNR using 

GSA 
159 0.26 0.42 0.017 

DNR using 

PSO 
159 0.26 0.42 0.017 

DNR using 

GA 
159 0.26 0.42 0.017 

 
 



Figure (4.14) shows the improvement to bus voltages under DNR and 

DG integrated proposed method. 

 
Figure (4.13) Convergence characteristics (optimal DG task), 

(IEEE-43 bus test system) 
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Figure (4.14) Bus voltages for different states 

(IEEE-43 bus test system) 
 

Table (4.6) shows the reliability results for the proposed method 

implementation on the IEEE-43 bus system. The base case results are 

also included for comparison. The optimal DG size obtained 

throughout the study using the three optimization algorithms was 

19.6MVA and at optimal site at bus 25. 

The reduction in Nint&vsag from 209 in base case and 159 after DNR to 

119 after DG inclusion is a sign of the effectiveness of the proposed 

method. That also backed up by the noticed reductions in the SAIFI, 

MAIFI ASIFI and 

indices. reliability 

 

 

 

 

Table (4.6) IEEE-43 bus reliability results with DNR &DG 

proposed method 

System 

state Nint&sags 

  

SAIFI 

 

ASIFI 

 

MAIFI 

Base  

case 
209 0.58 0.61 0.015 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 
 

4.6 Diyala-116 Bus: Study Results 

This section presents the study results of the proposed method on 

Diyala- 116 bus system. 

4.6.1 Base case results 

Figure (4.15) shows the base case voltage profile of the test system 

under study.  Most of magnitudes of the buses voltage are within 

acceptable standard limits. Fault analysis simulations were conducted 

on all buses except buses 1, 2, 3, 4, 5, 6, 32, 62 and 103 were excluded. 

That is because, the main source is bus 1, and buses 2, 3,4,5,6, 32, 62 

propose
d 
method, 
GSA 
applicati
on 

119 0.26 0.43 0.014 

propose
d 
method, 
PSO 
applicati
on 

119 0.26 0.43 0.014 

propose
d        
method,  
GA 
applicati
on 

119 0.26 0.43 0.014 

 
 



and 103 are main substations. The voltage magnitude profile of system 

buses attributed to three-phase fault on bus 45 is show in figure (4.16). 

 
Figure (4.15) Diyala-116 bus base case bus voltage magnitudes 
 

 

Figure (4.16) Diyala-116 bus voltage magnitude with fault at bus 45 
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Table (4.7) shows the reliability study results. Including the base case 

number of interruption and voltage sag, sustained interruption index 

SAIFI, momentary interruption index MAIFI, load interruption index 

ASIFI, and the open tie switches. 

Table (4.7) Diyala-116 bus base case reliability report 

Base case system evaluation 

Nint&sag 8502 

SAIFI 6.80 

MAIFI 71.69 

ASIFI 60.43 

Tie switches (83-67),(60-9),(98-28),(116-20) 

 

 

 

4.6.2 Optimal DNR results 

The three optimization algorithms were used in this test case also to find 

the minimum Nint&sags for the entire system. Different optimal DNR 

solutions were obtained by the three optimization algorithms, during the 

optimization process and converged finally to very close results. Both 

PSO and GA converged to the same end results [open section switches 

(52-58), (81-82), (94-95) and (112-113)], PSO reaches the optimum 

solution firstly. However, GSA algorithm converged to slightly 

different results, only in, (open section switches (93-94) and (116-20). 

Figure (4.17) shows the convergence process in the three optimization 

algorithms for the DNR. Table (4.8) illustrates the section switches 

states for the system under study and for optimal configuration. 

 
 



 

Figure (4.17) Diyala-116 bus system DNR convergence characteristics 

 

 

Table (4.8) Optimally configured Diyala-116 bus system 

 

 

Figure (4.18) shows the voltage profile before and after the DNR. The improvement in 

the voltage profile after DNR is quite evident. Table (4.8) summarizes the system 

reliability results after the DNR process and including the base case results for 

comparison. Table (4.8) illustrates reduction in Nint&vsag  (27%) and 23%, 49%, 63% 

reductions in the SAIFI, ASIFI, and MAIFI indices respectively. 
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Figure (4.18) Diyala -116bus voltage magnitude before and after DNR 

 

 

Table (4.8) Diyala-116 bus reliability results with DNR 

 

 

 

 

 

 

 

4.6.3 DG inclusion in the Diyala-116 bus system 

11
3

 

System  state Nint&vsag 

  

SAIFI 

 

ASIFI 

 

MAIFI 

Base  case 8502 6.80 60.43 71.69 

DNR using 

GSA 
6198 5.22 30.74 26.35 

DNR using 

PSO 
6140 5.44 30.73 26.26 

DNR using    

GA 
6140 5.44 30.73 26.26 

 
 



In this section results for finding the optimal DG size and where to connect 

(placement) it after the system DNR task was preformed are presented. Figure 

(4.19) shows the convergence process of the three optimization fitness 

functions. The three fitness functions converged to slightly different values 

with maximum deviation of less than 2%. Figure (4.20) shows the Diyala-116 

buses voltage profile for abase case, and bus 45 three phase fault case. Figure 

(4.20) shows the system buses voltage profile with the proposed DNR and DG 

method implementation. The improvement to system bus voltage profile is 

quite evident. 

 
Figure (4.19) Convergence characteristics (optimal DG task) 

(Diyala-116 bus test system) 
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Figure (4.20) Diyala-116 bus voltages 

Table (4.9) shows the reliability study results implementing the 

proposed method on the Diyala-116 bus system and the base case 

results are also included in for comparison. It illustrates the 

effectiveness of the proposed reliability enhancement method, i.e. the 

reduction in Nint&vsag and all the three indices. The reduction is achieved 

in all indices due to the enhancement of voltage profile of the most 

buses after DNR &DG during faults events. 
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Table (4.9) Diyala-116 bus reliability result with DNR&DG 

proposed method. 

 

 

 
 
 

 
 
 
 
 

 

CHAPTER FIVE 

System 

state Nint&sags 
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DG size 
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  CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

5.1 Introduction 

In this chapter, general comments and conclusions regarding the results 

obtained in this work are presented. For more extension in this work, some 

innovative ideas and suggestions for future work are declared here. 

5.2 Comments and Conclusions 

The work accomplished throughout this study concerns the 

reliability assessment. The assessment is proposed under enhancing the 

performance of distribution systems considering an integrated method 

composed of two strategies. The first strategy is based on using optimal 

DNR to reinforce the distribution systems against the propagation of 

interruptions and voltage sags during faults disturbances. Meanwhile, the 

second strategy employs the optimal DG sizing and placement to enhance 

voltage profile of the already reconfigured network also during the faults 

events. However, the mentioned integrated method is assessed by widely 

used reliability indices namely, number of interruptions, SAIFI, ASIFI and 

MAIFI, so as to determine the effect of the proposed strategies in improving 

reliability of the tested systems. 

The developed and adopted algorithms were tested using the IEEE-43bus test 

system. The validation is mainly based on the load flow and short circuit 

analysis results. A base case study is common for both systems studied, i.e. the 

IEEE-43 bus and Baqubah -116 bus. 

To get the optimal solution, a GSA-based optimization technique is applied, 

where the number of propagated interruptions and voltage sags is proposed as 

the objective function in searching for finding the optimum solution. GSA is 

validated by using other widely used algorithms, such as PSO and GA.  

 
 



          The application of GSA, PSO and GA algorithms to these 

specific two systems shows major difference found is the computation 

time for these systems. It is noticed that this time is large in Baqubah -

116 buses compared to the IEEE-43 bus in solving the problems of two 

mentioned strategies.  

In solving DNR problem as the first objective, the computation time 

increases with increasing system size and number of tie switches. It is 

concluded here that these optimization algorithms are suitable for the 

distribution network reconfiguration problem solution in the off-line 

mode.  

To conduct the second objective of this work, which is to develop a new 

reliability enhancement method, it is achieved by employing optimal 

DG placement and sizing method. The maximum size of DG is 

predefined in this work, considering the DG sizes available in the 

market. Therefore, the optimum size of DG should be within the limits 

of the specified maximum value. Minimizing the same objective 

function is used to achieve the optimal solution. Same distribution 

systems are used in the test of the developed optimal DG method, where 

a significant improvement in reliability performance is indicated 

throughout the obtained test results. 

It is concluded according to the results obtained, that the infrastructures 

of the test Diyala distribution network must be improved to be capable 

for accepting the proposed technique especially the DG sizing and 

placement.    

In general, the objectives of the research have been met and the results 

are promising. The techniques proposed in this work have fulfilled the 

recent need for enhancing the techniques used in reliability 

enhancement with high accuracy and highly reliable techniques. 

 
 



5.3    Significant Contributions of this Work 

 The significant contributions of this research work can be summarized 

as follows: 

 A method of reliability enhancement is developed by employing network 

reconfiguration for reinforcing distribution system against the 

propagation of voltage sag and interruptions. The method is based on 

heuristic optimization technique. 

A new application of the GSA optimization technique has been executed 

for solving optimal network reconfiguration and optimal DG 

placement for Reliability enhancement. 

An improved reliability enhancement method is developed by combining 

optimal network reconfiguration and optimally placed DG using 

optimization techniques. 

5.4   Suggestions for Future Work  

A sufficient approach for reliability assessment and enhancement is 

provided throughout this study but further research is required for a few issues 

addressed. Future studies are suggested for further development related to this 

research, such as the following issues:  

1. Throughout this work the computation time was long, hence a means for 

reducing the programs execution times are essential. Such means might 

include extra exclusion of infeasible buses for adding DG’s or open 

sectionalizes in DNR.  

2. More DG’s are expected to be in use in future distribution systems. 

Therefore, multi DG inclusion problem in the work is an area for future 

research. 

3. Inclusion of distribution systems controllers in the reliability 

enhancement is wide area for future studies. 

 
 



4. DNR, DG, and capacitor placement and sizing is abroad field where 

voltage sags interruptions can be a tested. Such triple action strategy 

might affect and improve the system reliability. 

5. Other reliability indices need to be considered for a future work.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
APPENDIX A 

Distribution System Relations 

A.1 Load-Flow Analysis  

The basic equation for power load flow: 
Si=ViIi     

*                                                                                            (A.1.1) 

Pi- jQi=Vi
* � YinVn

N

n=1

                                                                              (A.1.2) 

Pi-jQi= �|YinViVn|
N

n=1

 ∟θin+δn-δi                                                         (A.1.3)    

Pi= �|YinViVn|
N

n=1

 cos( θin+δn-δi )                                                       (A.1.4) 

Qi=- �|YinViVn|
N

n=1

 sin( θin+δn-δi )                                                      (A.1.5) 

 
For radial distribution system all buses except   bus 1 (substation), are 
of load type. Thus the unknowns consist of the 2(n-1) voltage pharos 
variables. These variables are (n-1) voltage magnitudes 
(|𝑉𝑉2|, |𝑉𝑉3| … . |𝑉𝑉𝑛𝑛 |)and (n-1) voltage angles ( δ2, δ3,….δn). 
                                                                                                                                                    
In Newton-Raphson method requires that a set of equations be formed 
expressing the relationship between the changes in real and reactive powers and 
the components of bus voltages and as follows:-  
 

�ΔP
ΔQ� = �J1 J2

J3 J4
� � Δδ

Δ|V|�                                                                    (A.1.6)   

Where;   

[J1]= [𝜕𝜕𝑃𝑃
𝜕𝜕δ

] ; [J2] = [ 𝜕𝜕𝑃𝑃
𝜕𝜕|𝑉𝑉 |

]; [J3] = [𝜕𝜕𝑄𝑄

𝜕𝜕δ
]; [J4] = [ 𝜕𝜕𝑄𝑄

𝜕𝜕|𝑉𝑉 |
] ;  

                                                                                             
The computation of bus voltages is then proceeding as follows: 
Step1: Guess an initial voltage vector  𝑉𝑉(0), 𝛿𝛿(0) . 
Step2: Compute the bus power mismatches−Δ𝑃𝑃(0) , −Δ𝑄𝑄(0). 
Step3: Compute and assemble the Jacobin matrix  J(0) . 
Step4: Solve for the voltage error vector from equation A.1.6), 

 
 



[
∆𝛿𝛿(0)

∆𝑉𝑉(0)]  =   [J(0) ].−1       [ 
−Δ𝑃𝑃(0)

−Δ𝑄𝑄(0)]                                                   (A. 1.7) 

Step5: Add the voltage errors to the initial guess to obtain an   upgraded vector: 

�
  δi

(1) = δi
(0)  + Δδi

(0)  
�Vi

(1)� = �Vi
(0)�  + Δ�Vi

(0)�
�                                                                       (A.1.8) 

Step6: Repeat the above steps, until a stopping criterion is satisfied.  
Usually until a power mismatch tolerance is satisfied 
(Where ε is in the range 0.00001 to 0.00005 pu). 

  A.2 Data of Fault Rate and Fault distribution   

The following is fault distribution percentage of occurrence according the fault 
type and fault rate of the distribution. 

Table A.2.1 Fault rate of the distribution system elements [29]. 

System element  
Line 

(F/km/yr) 
Cable 

(F/km/yr) 
Bus 

(F/yr) 
Transf. 
F/yr)( 

Fault 
rate  

  8.7 
 

4.6 
 

0.08      
 

0.015 

 
       Table A.2.2 Fault distribution percentage of occurrence according to       the 

fault types [29].    
Fault Type LG   fault LLG Fault LL Fault LLL Fault 
Occurrence 
Percentage 73% 17% 6% 4% 

 
  A.3 FACT’S Injection Current    

The injecting current is included as an element in the current matrix. When 

the fault current, If is known, the sequence voltages at all buses can be easily 

calculated using equation(A.3.1) After converting voltage sequence values 

back to phase values, the bus voltage magnitude and phase angle of each 

phase can be obtained. 
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A.4   Calculation of the DG Injected Current     

 
 



To calculate the DG injection current, 𝐼𝐼𝐷𝐷𝐷𝐷of DG, a mathematical     model 

was formulated by considering the interaction between fault location and DG 

location. 

 It is formulated by utilizing the transfer impedance model between    the two 

locations. To express a mathematical model, consider the residual bus 

voltages at the DG bus, 𝑉𝑉𝐷𝐷𝐷𝐷   and the fault location bus, 𝑉𝑉𝑓𝑓 , by taking into 

account the DG injection current, 𝐼𝐼𝐷𝐷𝐷𝐷  and the fault current, If. For a three 

phase fault (LLL-fault), the voltages at DG bus and the fault location bus are 

expressed as: 

VDG=VDG
pre-fault+ZDGDG IDG−ZDGf If                                                  (A.4.1)   

                                                    Vf=Vf
pre-fault+ZfDGIDG−ZffIf                                                       

(A.4.2)  

Where ZDGDGand Zff are the primary impedance of two identified buses, 

ZfDG and ZDGf  are the transfer impedances between the two buses.  

Writing (A.4.1) and (A.4.2) in matrix form and considering Vf =0, it get,  
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From (A.4.3) the currents can be determined as: 
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M , then the injection current can be expressed as: 

In a situation where the current limit is reach, the current must be set to the 

rated DG current value it is given by,   

   
prefault
DG

DG
ratedDG v

sII ==                                                                        (A.4.7) 

 A.5 Unbalanced Fault Calculation  

For unbalanced faults, the calculation of injecting currents is similar to three 

phase fault calculation but the sequence components have to be considered. 

  For unbalanced faults such as LG and LLG faults, the negative- and zero-

sequence networks have to be included in the calculation, so (A.4.1) and 

(A.4.2) are modified as follows: 

 1012012012012
fDGfDGDGDG

faultpre
DGDG IZIZVV −+= −                                                 (A.5.1) 

1012012012012
fffDGfDG
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For all unbalanced faults, the voltages at the faulted bus, f and the DG bus, 

are given by (A.4.1) and (A.4.2), respectively.  For LG fault, the following 

equations are derived: 
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Where °∠= 1201a .    

By combining equation (A.5.3), equation (A.5.4) with equation (A.5.1) and 

equation (A.5.2) similar to the case of LLL fault, the injecting current can be 

determined for each phase. 

For LLG fault, the fault voltage and current can be expressed as: 
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Combining the elements given in equation (A.5.5) with equation (A.5.1) and 

equation (A.5.2) and following similar steps as for the case of LG fault, the 

injected currents in each phase can be calculated. 

 

For LL fault, there is no ground path for the fault current, so the zero-sequence 

components are excluded and the matrix M becomes, 
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For LL fault, the sequence voltage and current components are expressed as: 
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                Similarly, from the above equations, the injecting current can be 

determined. The calculated injecting current, IDG R for all types of short-circuit 

faults is used directly  with the fault current If  in equation  (2.17) to calculate 

the residual voltages at all the system buses by taking into account the sequence 

components in case of unbalanced faults. 

A.6   GENETIC ALGORITHM  

Genetic algorithm (GA) is a heuristic optimization technique based on the 

mechanics of natural selection, such as mutation, reproduction, crossover, 

selection, etc. [33]. GA is unconventional optimization tool which is robust, 

powerful, and less data-independent than many other optimization techniques 

and widely used in power system to solve many optimization problems. A 

solution of problem can be reached by working with a population of possible 

solutions. Each possible solution is called a “Chromosome”. The search 

space is extended by generating new points through GA operations. The GA 

operators are known as reproduction, crossover and mutation. These 

operators systematically create more fit off-springs through successive 

generations. Then the new generations quickly drive the search towards 

optimal solution [34]. GA operators are explained in brief by the following 

points: 

 

 

 
 



i. Reproduction (selection)  

Reproduction is usually the first operator applied on population [35]. 

Individuals are copied according to their corresponding fitness values 

to be parents to Crossover and produce off-springs. It is an artificial 

version of natural selection. 

 

  

ii. Crossover 

It is a Recombination operator, where members of the newly 

reproduced strings in the mating pool are mated at random. An inter-

site is randomly selected along the string length and the bit values are 

swapped between two strings following the selected site [35].  

 Crossover ratio is chosen as 80%. 

iii. Mutation 

After Crossover, Mutation operator mutates a very few off-spring 

strings (depending on the mutation probability, selected as 0.03 in this 

work). Mutation involves flipping a bit in the string and changing 0 to 

1 and vice versa. New genetic structures can be introduced in the 

population by randomly changing some of the off-spring’s bits 

A.7 PARTICLE SWARM OPTIMIZATION (PSO) 

Particle swarm optimization (PSO) has shown a great promise in power 

system optimization problems. The PSO mimics the behaviors of individuals 

in a swarm to maximize the survival of the species [36]. In PSO, each 

individual decides based on its own experience as well as on other 

individual’s experiences [37]. The algorithm searches a space by adjusting 

the trajectories of moving points in a multidimensional space. The individual 

particles are drawn stochastically toward the position of present velocity of 

 
 



each individual, their own previous best performance, and that of their 

neighbors [38]. In an n-dimensional search space, let the position and 

velocity of the 𝑖𝑖𝑡𝑡ℎ  individual be represented as vectors xi = (xi1, . . .,xid, . . 

.,xin) and νi = (νi1, . . ., νid,. . . νin) respectively. The best previous experience 

of the ith particle is recorded and represented by Pbesti = (Pbesti1, . . 

.,Pbestid, . . .,Pbestin). The global best position of the swarm found so far is 

denoted by Gbesti = (Gbesti1, . . .,Gbestid, . . .,Gbestin). The modified 

velocity of each particle can be first calculated regarding the personal initial 

velocity, the distance from personal (local) best position and the distance 

from global best position as expressed by the following equation [39]: 
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In these equations i = 1,2,. . .,m is the index of each particle, t is the iteration 

number, rand1 and rand2 are the random numbers between 0 and 1.The 

constants c1 and c2 are the weighting factors or learning factors of the 

stochastic acceleration terms, which pull each particle toward Pbest and 

Gbest positions, they are set to 2 value from experience. The appropriate 

selection of inertia weight ω in (A.6.25) provides a balance between global 

and local explorations. In general, it is decreased with iteration from 0.9 to 

0.4 according to the following originally developed equation: 

t
t

t
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minmax
max)1( ωωωω −

−=+                                                               (A.7.3) 

Where, tmax is the maximum number of iterations and t is the current iteration 

number. In the binary PSO, the particle’s personal best and global best is 

updated as in continuous version. The major difference between binary PSO 

with continuous version is that velocities of the particles are rather defined in 

terms of probabilities that a bit will change to one or zero. Using this 

 
 



definition a velocity must be restricted within the range (0, 1). In the binary 

version of PSO, a normalized function referred to as sigmoid function S(νi
d) 

is used to transfer νi
d into a probability function. The function S(νi

d) which is 

in the interval of 

 (0, 1)[36, 40] is given by,  

)1/(1))(( )(tvd
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d
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Once S(νi
d) is calculated, the agents will move  to their next new positions 

according to the following rule,  
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Based on these rules, velocities and particles positions can be updated. So a 

map is introduced to map all real valued numbers of velocity to the range (0, 

1). In PSO the optimization is obtained by agents’ movement in the search 

space. Similar to evolution algorithm, PSO algorithm adopts a strategy based 

on particle swarm and parallel global random search. PSO algorithm 

determines search path according to the velocity and current position of 

particle without more complicated evolution operation. PSO algorithm has 

better performance than early intelligent algorithms on calculation speed and 

memory occupation, and has less parameter. A comprehensive overview 

study about the concepts and application of PSO in different fields of power 

system was introduced in [41]. 

 
 
 
 
 
 
 
 
 

 
 



 

  Appendix B 

Network Actions 

 

B.1 Proposed Encoding-Decoding Technique of Network Switching 

Actions 

 

Usually, the initial population of optimization process is randomly generated. 

However, the random generation causes the most number of generated strings to 

be infeasible due to system constraints.  Therefore, an encoding technique is 

necessary to generate only the suitable strings for feasible solutions. The 

encoding technique is a process of translating decision variables into binary 

strings. It depends on the first step of analysis of the network structure to find 

the branches participating in each loop that is formed as each tie-switch is 

closed.  Presented some string generation techniques in which the switching 

strings are very long and it is difficult to implement in complex distribution 

networks. Another method of disposing the infeasible solution strings can be 

found in[44] which  a separate algorithm is formulated to follow the main 

encoding algorithm. 

 

In order to maintain the radial structure of a distribution network during 

optimization process, a new encoding technique of switching string is presented 

in this work. By applying this technique, all the infeasible switching strings can 

be excluded from the search space. To understand the proposed encoding 

procedure, consider the 16-bus distribution system shown in Figure 3.5. In this 

figure, the branches are grouped into three sets, namely 1, 2 and 3. Set 1 

includes branches1, 2, 3, 4, 5, 6 and 7, set 2 includes branches 8,9,10 and 11, 

while set 3 consists of branches 12, 13 and 14. Note that no branch is repeated 

 
 



such that every branch appears only once. Based on these three sets, the 

encoding procedure involves the following steps: 

 

Step 1: Sort the branches of each set as substrings. For the system shown 

in   

            Figure 3.5,   the sorted substrings are: 

            1 2 3 4 5 6 7      8 9 10 11       12 13 14 

Step 2: The numbers of branches (switches) are calculated in each 

substring  

            and are given by,  

                         7                      4                     3 

Step 3: Convert the above decimal numbers into binary substrings as:  

                       111                 100                   11 

Step 4: Determine the number of bits of each binary substring as:   

                         3                     3                      2 

Step 5: Determine the length of the required binary string by summing the  

            number of bits in each binary sub string as:    

                          3          +         3         +         2 = 8 bits. 

 

From the required number of bits calculated in this example, it can be 

seen that the cases of binary strings from 000 000 00 up to 111 111 11 can be 

generated.  

 

All these binary strings can bring out feasible solutions by the decoding 

technique described accordingly. The decoding technique is opposite to that of 

encoding and it can be defined as the process of translating binary strings into 

decision variables. For example, if the string of 8 bits is randomly given by 101 

011 10, it can then be divided into three original sub strings as 101, 011   and 

10. 

 
 



 

 
 

Figure( B.1.1) Encoding of switching strings in the 16-bus distribution system 

 
After changing the bits into decimal numbers as 5, 3 and 2, the numbers 

representing the branches in the predefined sets are the 5th branch in set 1, the 

3rd branch in set 2 and the 2nd branch in set 3 can be obtained as branch 

numbers 5, 10, and 13, respectively. The assigned branches are given the open 

status to maintain the radial structure of the studied system network. 
 

The advantages of the proposed encoding and decoding technique are: 

i. Only feasible solutions are generated, 

ii. The length of switching action string is shortened, 

iii. The radial structure is sustained during switching actions,  

iv. The searching space of optimization process is reduced, 

v. The efficiency of optimization tool is improved,  

vi. It is suitable for all types of distribution systems. 
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B.2 Encoding-Decoding algorithm of DSTATCOM Placement 

 

An encoding technique is required to represent the possible 

DSTATCOM locations in terms of a set of binary strings to be used 

as population in the optimization process. Meanwhile, a decoding 

technique is required to translate every binary string in this 

population to a new possible DSTATCOM location.   

 

i. Encoding: All system buses are considered as feasible DSTATCOM 

location. So, the encoding technique considers a binary string of random 

(0, 1) bits with a length given by the maximum number of system buses. 

In this way, every created binary string represents a possible DSTATCOM 

location. Using the encoding technique, a population of binary strings 

can be generated.     

ii. Decoding: The decoding represents the DSTATCOM location in terms of 

bus number. The decoding technique generates a location by the sum of 

every binary string of the population. The obtained location should be 

linked with the corresponding randomly generated DSTATCOM sizes. 

Then the location and the corresponding DSTATCOM size are evaluated 

by the fitness function for optimal solution. However, the selected 

DSTATCOM size must be less than its defined maximum size. For the 

DSTATCOM location, the main source should be avoided because it 

requires a large DSTATCOM size. So if the DSTATCOM location is 

detected at the main source bus, then, the other location and size are 

generated randomly by the optimization process.    

 

 
 



The DSTATCOM size on an assigned location is determined such that it gives 

minimum possible number of propagated sags throughout the whole system.  

Large sizes of DSTATCOM are expensive for utility application and therefore 

the sizes determined by the above mentioned models are infeasible. A practical 

approach for finding suitable size of the DSTATCOM is to decide on the 

possible maximum DSTATCOM size which may improve voltage sag 

performance for the whole distribution system. The maximum DSTATCOM 

size can be determined based on the available sizes in the market as well as 

taking into account power utility investment. In addition, the required 

DSTATCOM size will differ according to the different locations. All possible 

DSTATCOM locations should be evaluated with different DSTATCOM sizes 

to select a suitable size for suitable location.  

 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
 
 
 

B.3 Flow chart of PSO and GA for DNR and DG 
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Figure (B.3.1) GA for DNR 
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Figure (B.3.2) PSO for DNR  
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Figure (B.3.4) PSO for DG sizing and placement 

 
 
 
 
 
 
 

 
 



                                                      APPENDIX C 

                                           Systems Data 

C.1 IEEE-43 Test System Data  
The necessary data of this work are given here. Table (C. 1. 1) presents the 

system bus and costumers data, table (C. 1. 2) presents the system line data, 
table(C. 1. 3) presents the system transformers data and table (C. 1. 4) present 
the system motor data. For the calculations of reliability indices, the types of 
loads and number of customers are added to the bus data, No load=0, Large 

industrial=1, Small industrial=2, Residential=3, Commercial=4, Mixed (Small 
industrial + 

Residential) 5 and Hospital=6.  
Table (C. 1. 1) Bus and costumers data (IEEE-43 bus system)    

Bus 
number 

Real 
power 
load(kW) 

Reactive 
power 
load(kVAr) 

Load  
type 
 

Number of 
costumers 

1 0 0 0 0 
2 0 0 0 0 
3 0 0 0 0 
4 0 0 0 0 
5 0 0 0 0 
6 0 0 0 0 
7 0 0 0 0 
8 6.361 0 1 1 
9 0 0 0 0 
10 0 0 0 0 
11 0.353 0.2 1 1 
12 0 0 0 0 
13 0 0 0 0 
14 0 0 0 0 
15 0 0 0 0 
16 0 0 0 0 
17 0.831 0.521 2 8 
18 0.831 0.521 2 8 
19 2.65 1.502 2 27 
20 2.65 1.502 2 27 
21 0.421 0.283 2 9 
22 0.084 0.057 1 1 
23 0.084 0.057 1 1 
24 0 0 0 0 

Table C.1. 1 (Continued) 
25 0 0 0 0 
26 0 0 0 0 
27 0 0 0 0 
28 0.578 0.351 2 6 

 
 



29 0.703 0.426 2 7 
30 0.563 0.349 2 6 
31 0 0 0 0 
32 0 0 0 0 
33 0.168 0.113 2 3 
34 0.062 0.042 1 1 
35 0.168 0.113 2 3 
36 1.767 1.001 2 35 
37 0.663 0.394 2 13 
38 0 0 0 0 
39 1.237 0.701 2 25 
40 0.963 0.52 1 1 
41 0.15 0.049 3 20 
42 0.478 0.307 2 10 
43 0 0 0 0 

 
Table (C.1. 2) Line data (IEEE-43bus system)  

From 
bus 

To  
bus 

R1 (Ω) X1(Ω) Y1(S) R0(Ω) X0(Ω) 

14 3 0.0122 0.0243 0 0.0109 0.214 
4 7 0.001156 0.000963 0 0.002313 0.001926 
3 9 0.015032 0.012519 0 0.030063 0.025039 
9 25 0.042389 0.035305 0 0.084778 0.07061 
9 13 0.001734 0.001445 0 0.003469 0.002889 
9 12 0.003816 0.003178 0 0.007631 0.006356 

17 22 0.381337 0.245052 0 0.762674 0.490017 
10 13 0.004625 0.003852 0 0.00925 0.007704 
18 23 0.381337 0.245052 0 0.762674 0.490017 
28 33 0.381337 0.245052 0 0.762674 0.490017 
28 41 0.034722 0.021701 0 0.034722 0.021701 
28 38 0.3039 0.2929 0 0.6079 0.5858 
3 5 0.007516 0.00626 0 0.015032 0.012519 
3 26 0.015725 0.013097 0 0.031451 0.026194 
3 6 0.010892 0.009072 0 0.021784 0.018144 
4 15 0.022663 0.018875 0 0.045326 0.037751 
7 27 0.014315 0.011922 0 0.028629 0.023845 

10 27 0.010985 0.009149 0 0.021969 0.018298 
35 30 0.381337 0.245052 0 0.762674 0.490017 
29 38 0.6292 0.3866 0 0.8024 0.7733 

Table C.1.2 (Continued) 
29 34 0.381337 0.245052 0 0.762674 0.490017 
7 16 0.02745 0.022862 0 0.0549 0.045725 
4 8 0.007581 0.00917 0 0.01516 0.018336 
4 24 0.011794 0.009823 0 0.023588 0.019646 

24 31 0.007863 0.006549 0 0.015725 0.013097 

 
 



24 32 0.011216 0.009341 0 0.022432 0.018683 
1 43 0.0139 0.0296 0.00048 0.0139 0.0296 
1 2 0.0139 0.0296 0.00048 0.0139 0.0296 

10* 12 0.000231 0.000221 0 0.000463 0.000443 
16* 24 0.014315 0.011922 0 0.028629 0.023845 
30* 38 0.607856 0.58572 0 1.215712 1.171658 
15* 26 0.010985 0.009149 0 0.021969 0.018298 

*Tie switch 

 
Table (C. 1. 3) Transformer data (IEEE-43bus system)   

From 
bus 

To 
bus 

MVA Prim(kV) Sec.(kV) %Z X/R Conn R(Ω) X(Ω) 

43 3 15 69 13.8 8 17 D/Y 0.031 0.5324 
2 4 15 69 13.8 8 17 D/Y 0.031 0.5324 
5 39 1.725 13.8 4.16 6 8 D/Y 0.431 3.4514 
5 40 1.25 13.8 0.48 4.5 6 D/Y 0.591 3.551 
6 11 1.5 13.8 2.4 5.5 6.5 D/Y 0.557 3.624 
6 19 3.75 13.8 2.4 5.5 12 D/Y 0.121 1.4616 
12 17 1.5 13.8 0.48 6.75 6.5 D/Y 0.684 4.4477 
13 18 1.5 13.8 0.48 5.75 6.5 D/Y 0.582 3.7888 
15 20 3.75 13.8 2.4 5.5 12 D/Y 0.121 1.4616 
16 21 0.75 13.8 0.48 5.75 5 D/Y 1.503 7.5178 
25 28 1.5 13.8 0.48 5.75 6.5 D/Y 0.582 3.7888 
26 29 1.5 13.8 0.48 5.75 6.5 D/Y 0.582 3.7888 
27 30 1.5 13.8 0.48 5.75 6.5 D/Y 0.582 3.7888 
31 36 2.5 13.8 2.4 5.75 10 D/Y 0.228 2.2886 
32 37 1 13.8 0.48 5.75 5.5 D/Y 1.028 5.6573 
14 42 1.5 13.8 0.48 5.75 5.914 D/Y 0.639 3.7796 

 
Table (C.1.4) Motor data (IEEE-43bus system)   

Bus 
# 

hp kVA Z% X/R R1(Ω) X1(Ω) R0(Ω) X0(Ω) 

42 200 0.48 16.7 7 14.31429 100.2 14.31429 100.2 
42 600 0.48 16.7 12 4.077339 48.92807 4.077339 48.92807 
28 400 0.48 16.7 10 6.97225 69.7225 6.97225 69.7225 
28 500 0.48 16.7 5 8.016 40.08 8.016 40.08 

Table C.1.3 (Continued) 
33 300 0.48 16.7 12 8.083768 97.00522 8.083768 97.00522 
29 625 0.48 16.7 10 3.2064 32.064 3.2064 32.064 
29 465 0.48 16.7 5 11.99527 59.97634 11.99527 59.97634 
34 110 0.48 16.7 7 36.21948 253.5364 36.21948 253.5364 
30 400 0.48 16.7 12 4.305233 51.6628 4.305233 51.6628 
30 500 0.48 16.7 5 11.1556 55.778 11.1556 55.778 

 
 



35 300 0.48 16.7 12 8.083768 97.00522 8.083768 97.00522 
36 2500 2.3 16.7 32.85 0.271131 8.906667 0.271131 8.906667 
37 700 0.48 16.7 12 2.460224 29.52269 2.460224 29.52269 
37 300 0.48 16.7 5 18.59267 92.96333 18.59267 92.96333 
40 1250 0.46 33 10 3.168 31.68 3.168 31.68 
39 1750 4.16 16.7 29.74 0.405317 12.05414 0.405317 12.05414 
11 500 2.4 16.7 12 3.515789 42.18947 3.515789 42.18947 
17 850 0.48 16.7 10 3.383766 33.83766 3.383766 33.83766 
17 500 0.48 16.7 5 8.016 40.08 8.016 40.08 
22 150 0.48 16.7 14 13.97945 195.7123 13.97945 195.7123 
18 850 0.48 16.7 10 3.383766 33.83766 3.383766 33.83766 
18 500 0.48 16.7 5 8.016 40.08 8.016 40.08 
23 150 0.48 16.7 14 13.97945 195.7123 13.97945 195.7123 
19 1250 2.4 16.7 26.1 0.682503 17.81333 0.682503 17.81333 
19 2500 2.4 16.7 15 0.562526 8.437895 0.562526 8.437895 
20 1750 2.4 16.7 15 0.803609 12.05414 0.803609 12.05414 
20 2000 2.4 28 26 0.717949 18.66667 0.717949 18.66667 
21 750 0.48 16.7 12 3.195495 38.34594 3.195495 38.34594 
8 9000 13.8 20 34 0.0653 2.2222 0.0653 2.2222 

 
C.2 Diyala- 116 Bus Test System Data 

The necessary data of this work are given here. Table (C. 2. 1) presents the 
system bus and costumers data, table (C. 2. 2) presents the system line data, 

table (C. 2. 3) present the system transformers data, 
Table (C. 2. 1) Bus and costumers data (Diyala-116 bus system) 

Bus 
number 

Real 
power 
load(kW) 

Reactive 
power 
load(kVAr) 

Load 
 type 
 

Number of 
costumers 

1 0 0 0 0 
2 0 0 0 0 
3 0 0 0 0 
4 0 0 0 0 
5 3.2 2.4 3 335 
6 0 0 0 0 

Table C. 2. 1 (Continued) 
7 0 0 0 0 
8 0 0 0 0 
9 0.32 0.24 5 15 
10 0.32 0.24 2 10 
11 0 0 0 0 
12 0 0 0 0 
13 0.32 0.24 5 12 
14 0 0 0 0 
15 0.32 0.24 5 10 

 
 



16 0.32 0.24 5 10 
17 0.32 0.24 3 20 
18 0 0 0 0 
19 0 0 0 0 
20 0.32 0.24 5 10 
21 0 0 0 0 
22 0.32 0.24 3 25 
23 0.32 0.24 5 16 
24 0.32 0.24 6 2 
25 0.32 0.24 3 20 
26 0.32 0.24 5 14 
27 0 0 0 0 
28 0.32 0.24 4 35 
29 0 0 0 0 
30 0.32 0.24 5 8 
31 0.32 0.24 5 10 
32 0.2 0.15 3 20 
33 0.2 0.15 3 20 
34 0.2 0.15 3 20 
35 0 0 0 0 
36 0 0 0 0 
37 0.2 0.15 3 20 
38 0.2 0.15 3 20 
39 0.2 0.15 3 20 
40 0.2 0.15 3 20 
41 0.2 0.15 3 20 
42 0 0 0 0 
43 0.2 0.15 3 20 
44 0 0 0 0 
45 0 0 0 0 
46 0 0 0 0 
47 0 0 0 0 
48 0.2 0.15 3 20 
49 0 0 0 0 
50 0.2 0.15 5 5 
51 0.2 0.15 3 20 
52 0.2 0.15 3 20 

Table C. 2. 1 (Continued) 
53 0 0 0 0 
54 0.32 0.24 4 35 
55 0.2 0.15 3 20 
56 0.2 0.15 3 20 
57 0.2 0.15 3 20 
58 0.2 0.15 3 18 
59 0 0 0 0 
60 0.2 0.15 4 35 
61 0.2 0.15 3 18 

 
 



62 0.2 0.15 3 18 
63 0 0 0 0 
64 0 0 0 0 
65 0.2 0.15 3 20 
66 0.2 0.15 3 20 
67 0 0 0 0 
68 0 0 0 0 
69 0.08 0.06 3 8 
70 0.2 0.15 3 20 
71 0 0 0 0 
72 0 0 0 0 
73 0.2 0.15 3 18 
74 0 0 0 0 
75 0.2 0.15 3 18 
76 0 0 0 0 
77 0.2 0.15 3 18 
78 0.2 0.15 6 1 
79 0.2 0.15 3 18 
80 0 0 0 0 
81 0 0 0 0 
82 0.2 0.15 3 18 
83 0 0 0 0 
84 0.2 0.15 6 1 
85 0.2 0.15 3 18 
86 0.2 0.15 3 18 
87 0 0 0 0 
88 0.2 0.15 3 21 
89 0.2 0.15 6 1 
90 0.2 0.15 5 12 
91 0.2 0.15 3 22 
92 0.2 0.15 5 14 
93 0.2 0.15 3 25 
94 0 0 0 0 
95 0 0 0 0 
96 0.2 0.15 4 36 
97 0.504 0.378 5 18 
98 0.2 0.15 6 1 

Table C. 2. 1 (Continued) 
99 0.2 0.15 3 21 

100 0 0 0 0 
101 0.32 0.24 5 13 
102 0.32 0.24 5 12 
103 0.08 0.06 3 28 
104 0.32 0.24 4 35 
105 0.2 0.15 3 18 
106 0.2 0.15 6 1 
107 0.2 0.15 3 20 

 
 



108 0.2 0.15 3 20 
109 0.2 0.15 4 36 
110 0.2 0.15 3 20 
111 0.2 0.15 3 18 
112 0.2 0.15 3 18 
113 0.2 0.15 3 18 
114 0.2 0.15 5 15 
115 0.2 0.15 3 22 
116 0.2 0.15 3 24 

 
Table (C. 2. 2) Line data (Diyala -116 bus system) 

From 
bus 

To  
bus 

R1 (Ω) X1(Ω) Y1(S) R0(Ω) X0(Ω) 

3 4 0.6919 1.78 0.0002 1.8424 3.1364 
5 6 0.04844 0.06546 6.98E-07 0.07808 0.31788 
6 8 0.03633 0.049095 5.24E-07 0.05856 0.23841 
6 7 0.01211 0.016365 1.75E-07 0.01952 0.07947 
7 11 0.21798 0.29457 3.14E-06 0.35136 1.43046 
8 9 0.01211 0.016365 1.75E-07 0.01952 0.07947 
8 10 0.01211 0.016365 1.75E-07 0.01952 0.07947 
11 12 0.01211 0.016365 1.75E-07 0.01952 0.07947 
12 13 0.01211 0.016365 1.75E-07 0.01952 0.07947 
13 14 0.1211 0.16365 1.75E-06 0.1952 0.7947 
14 15 0.03633 0.049095 5.24E-07 0.05856 0.23841 
15 16 0.03633 0.049095 5.24E-07 0.05856 0.23841 
16 17 0.03633 0.049095 5.24E-07 0.05856 0.23841 
17 18 0.03633 0.049095 5.24E-07 0.05856 0.23841 
18 19 0.03633 0.049095 5.24E-07 0.05856 0.23841 
19 20 0.03633 0.049095 5.24E-07 0.05856 0.23841 
12 21 0.03633 0.049095 5.24E-07 0.05856 0.23841 
21 22 0.02422 0.03273 3.49E-07 0.03904 0.15894 
22 23 0.02422 0.03273 3.49E-07 0.03904 0.15894 
23 24 0.02422 0.03273 3.49E-07 0.03904 0.15894 
24 25 0.02422 0.03273 3.49E-07 0.03904 0.15894 
25 26 0.04844 0.06546 6.98E-07 0.07808 0.31788 

Table C. 2. 2 (Continued) 
26 27 0.02422 0.03273 3.49E-07 0.03904 0.15894 
27 28 0.02422 0.03273 3.49E-07 0.03904 0.15894 
11 29 0.02422 0.03273 3.49E-07 0.03904 0.15894 
29 30 0.04844 0.06546 6.98E-07 0.07808 0.31788 
30 31 0.2422 0.3273 3.49E-06 0.3904 1.5894 
2 32 0.4844 0.6546 6.98E-06 0.7808 3.1788 
32 33 0.3633 0.49095 5.24E-06 0.5856 2.3841 
33 34 0.04844 0.06546 6.98E-07 0.07808 0.31788 
34 35 0.04844 0.06546 6.98E-07 0.07808 0.31788 
35 36 0.02422 0.03273 3.49E-07 0.03904 0.15894 

 
 



35 37 0.4844 0.6546 6.98E-06 0.7808 3.1788 
36 38 0.03633 0.049095 5.24E-07 0.05856 0.23841 
38 39 0.2422 0.3273 3.49E-06 0.3904 1.5894 
39 40 0.06055 0.081825 8.73E-07 0.0976 0.39735 
40 41 0.04844 0.06546 6.98E-07 0.07808 0.31788 
41 42 0.07266 0.09819 1.05E-06 0.11712 0.47682 
42 43 0.02422 0.03273 3.49E-07 0.03904 0.15894 
42 44 0.03633 0.049095 5.24E-07 0.05856 0.23841 
44 45 0.02422 0.03273 3.49E-07 0.03904 0.15894 
45 47 0.054495 0.073643 7.85E-07 0.08784 0.357615 
45 46 0.06055 0.081825 8.73E-07 0.0976 0.39735 
46 48 0.06055 0.081825 8.73E-07 0.0976 0.39735 
48 49 0.026642 0.036003 3.84E-07 0.042944 0.174834 
48 50 0.04844 0.06546 6.98E-07 0.07808 0.31788 
50 51 0.055706 0.075279 8.03E-07 0.089792 0.365562 
45 52 0.04844 0.06546 6.98E-07 0.07808 0.31788 
52 53 0.03633 0.049095 5.24E-07 0.05856 0.23841 
53 54 0.01211 0.016365 1.75E-07 0.01952 0.07947 
52 55 0.09688 0.13092 1.4E-06 0.15616 0.63576 
55 56 0.04844 0.06546 6.98E-07 0.07808 0.31788 
56 57 0.1211 0.16365 1.75E-06 0.1952 0.7947 
52 58 0.055706 0.075279 8.03E-07 0.089792 0.365562 
58 59 0.029064 0.039276 4.19E-07 0.046848 0.190728 
58 60 0.04844 0.06546 6.98E-07 0.07808 0.31788 
59 61 0.04844 0.06546 6.98E-07 0.07808 0.31788 
2 62 0.04844 0.06546 6.98E-07 0.07808 0.31788 
62 63 0.2422 0.3273 3.49E-06 0.3904 1.5894 
63 66 0.2422 0.3273 3.49E-06 0.3904 1.5894 
63 65 0.04844 0.06546 6.98E-07 0.07808 0.31788 
63 64 0.04844 0.06546 6.98E-07 0.07808 0.31788 
66 70 0.01211 0.016365 1.75E-07 0.01952 0.07947 
66 67 0.1211 0.16365 1.75E-06 0.1952 0.7947 
67 69 0.01211 0.016365 1.75E-07 0.01952 0.07947 
67 68 0.02422 0.03273 3.49E-07 0.03904 0.15894 
70 71 0.007266 0.009819 1.05E-07 0.011712 0.047682 
70 72 0.02422 0.03273 3.49E-07 0.03904 0.15894 

Table C. 2. 2 (Continued) 
71 73 0.01211 0.016365 1.75E-07 0.01952 0.07947 
72 74 0.10899 0.147285 1.57E-06 0.17568 0.71523 
73 75 0.03633 0.049095 5.24E-07 0.05856 0.23841 
74 76 0.02422 0.03273 3.49E-07 0.03904 0.15894 
75 77 0.02422 0.03273 3.49E-07 0.03904 0.15894 
75 78 0.03633 0.049095 5.24E-07 0.05856 0.23841 
77 79 0.02422 0.03273 3.49E-07 0.03904 0.15894 
79 80 0.3633 0.49095 5.24E-06 0.5856 2.3841 
80 81 0.030275 0.040913 4.36E-07 0.0488 0.198675 
80 90 0.033908 0.045822 4.89E-07 0.054656 0.222516 

 
 



81 82 0.030275 0.040913 4.36E-07 0.0488 0.198675 
82 85 0.01211 0.016365 1.75E-07 0.01952 0.07947 
82 84 0.01211 0.016365 1.75E-07 0.01952 0.07947 
82 83 0.01211 0.016365 1.75E-07 0.01952 0.07947 
85 87 0.02422 0.03273 3.49E-07 0.03904 0.15894 
83 86 0.01211 0.016365 1.75E-07 0.01952 0.07947 
86 89 0.06055 0.081825 8.73E-07 0.0976 0.39735 
86 88 0.04844 0.06546 6.98E-07 0.07808 0.31788 
90 91 0.01211 0.016365 1.75E-07 0.01952 0.07947 
91 92 0.03633 0.049095 5.24E-07 0.05856 0.23841 
90 93 0.02422 0.03273 3.49E-07 0.03904 0.15894 
93 94 0.03633 0.049095 5.24E-07 0.05856 0.23841 
94 95 0.006055 0.008183 8.73E-08 0.00976 0.039735 
95 96 0.02422 0.03273 3.49E-07 0.03904 0.15894 
96 97 0.014532 0.019638 2.09E-07 0.023424 0.095364 
95 98 0.3633 0.49095 5.24E-06 0.5856 2.3841 
95 99 0.06055 0.081825 8.73E-07 0.0976 0.39735 
62 100 0.02422 0.03273 3.49E-07 0.03904 0.15894 

100 101 0.01211 0.016365 1.75E-07 0.01952 0.07947 
100 102 0.01211 0.016365 1.75E-07 0.01952 0.07947 
2 103 0.018165 0.024548 2.62E-07 0.02928 0.119205 

103 104 1.211 1.6365 1.75E-05 1.952 7.947 
104 105 0.14532 0.19638 2.09E-06 0.23424 0.95364 
105 106 0.04844 0.06546 6.98E-07 0.07808 0.31788 
106 107 0.04844 0.06546 6.98E-07 0.07808 0.31788 
107 108 0.02422 0.03273 3.49E-07 0.03904 0.15894 
108 109 0.02422 0.03273 3.49E-07 0.03904 0.15894 
109 110 0.04844 0.06546 6.98E-07 0.07808 0.31788 
110 111 0.02422 0.03273 3.49E-07 0.03904 0.15894 
111 112 0.04844 0.06546 6.98E-07 0.07808 0.31788 
112 113 0.04844 0.06546 6.98E-07 0.07808 0.31788 
113 114 0.04844 0.06546 6.98E-07 0.07808 0.31788 
114 115 0.02422 0.03273 3.49E-07 0.03904 0.15894 
115 116 0.04844 0.06546 6.98E-07 0.07808 0.31788 
83* 67 0.16954 0.22911 2.44E-06 0.27328 1.11258 
60* 9 0.1211 0.16365 1.75E-06 0.1952 0.7947 

Table C. 2. 2 (Continued) 
98* 28 0.19376 0.26184 2.79E-06 0.31232 1.27152 
116* 20 0.04844 0.06546 6.98E-07 0.07808 0.31788 

          * Tie  switch 

 
Table (C. 2. 3) Transformers data (Diyala-116 bus system) 
From 
bus 

To 
bus 

MVA Prim(kV) Sec.(kV) %Z X/R Conn R(Ω) X(Ω) 

1 2 25 132 11 11.5 24 D/Y 0.0192 0.4616 

 
 



1 3 63 132 33 10.5 30 D/Y 0.0068 0.2035 
4 5 31.5 33 11 9 24 D/Y 0.0117 0.2854 

 
C.3 Data preparation  
 Pictures of the Geographic lay-out of the test feeders of the distribution 
network of  baqubah city are presented here. These pictures were employed in 
finding the line section lengths between buses as such data were not available 
from Diyala Distribution Directorate. 

 
 



 
Figure (C.3.1) Feeder AL- Rahma 

 
 
 

 
 



 
Figure (C.3.2) Feeder AL-Mafraq-1 

 
 
 

 
 



  
Figure (C.3.3) Feeder AL-Yarmok 

 
 

 
 



 
Figure (C.3.4) Feeder AL-Mafraq-2 
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