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Abstract

A power system contains generation, transmission and distribution systems. Distribution system is
the final part which delivers the power to the load and it usually has the highest loss and is very
critical in power system reliability. The loss in a distribution system can be minimized by an
appropriate placement of capacitor banks. But the problem is on how to optimally select the
location and size of capacitor banks. This thesis presents artificial intelligent approaches for
capacitor placement in radial distribution feeder to reduce the real power loss and to improve the
voltage profile. Before installing the capacitor a load flow program using backward forward method

is executed to analyze the present system.

The location of the nodes where the capacitors should be placed is decided by a set of rules given
by the fuzzy expert System. Then the sizing of the capacitors is modeled as an optimization
problem and the objective function (loss minimization) is solved using particle swarm optimization
technique. The performance of the proposed method is applied on 75 bus radial distribution feeder
of Adama town. Backward forward sweep load flow analysis also carried after selecting optimal
capacitor sizes. The simulation result shows that by applying these methods 10 optimal locations
are selected and optimal size capacitors are installed that results improvement of voltage at all
buses. In addition to this by placing shunt capacitors 0.4 MW of power is saved and power loss is

decreased from 18.85% to 14% and due to this annually 700716.8 birr is saved.

Keywords: Particle swarm optimization, Power loss, Fuzzy logic control
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1. INTRODUCTION

1.1 Background

The transmission systems are basically a bulk power transfer links between the power generating
stations and the distribution sub-stations from which the power is carried to customer delivery
points. The transmission system includes step-up and step-down transformers at the generating
and distribution stations respectively. The transmission system is usually part of the electric utility's
network. Power transmission systems may include sub transmission stages to supply intermediate
voltage levels. Sub-transmission stages are used to enable a more practical or economic transition
between transmission and distribution systems. It operates at the highest voltage levels (typically,
230 kV and above). The distribution system is the final link in the transfer of electrical energy to the
individual customers. Between 30 to 40% of total investment in the electrical sector goes to
distribution systems, but nevertheless, they haven’t received the technological improvement in the
same manner as the generation and transmission systems [1]. The distribution network differs from
its two of siblings in topological structure as well as its associated voltage levels. The distribution
networks are generally of radial or tree structure. Its primary voltage level is typically between 4.0
to 35 kV, while the secondary distribution feeders supply residential and commercial customers at

120/240/440 volts.

In general, the distribution system is the electrical system between the substation fed by the
transmission system and the consumers’ Premises. It generally consists of feeders, laterals (circuit-

breakers) and the service mains[2, 3].

Elements of the distribution system: The distribution system is derived from electrical system
which is fed by the consumers’ premises and the transmission system. Figure 1:1 shows the single

line diagram of a typical low tension distribution system.

Distributed feeders: A feeder is a conductor, which connects the sub-station (or localized
generating station) to the area where power is to be distributed. Generally no tapping are taken

from the feeder so that the current in it remains the same throughout.

Adama Science and Technology University By Alemante Abeje Page 1
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\

/ Service Mains

Distributor

N\

S

Feeder

D
Figure 1:1 Elements of distribution System

Distributor: A distributor is a conductor from which tapping are taken for supply to the consumers.
In Figure 1:1, AB, BC, CD, and DA are the distributors. The current through a distributor is not

constant because tapping are taken at various places along its length.

Service mains: A service main is generally a small cable which connects the distributor to the

consumer’s terminals.

1.1.1 Classification of distribution System

A distribution system may be classified on the basis of:-

i) Type of construction: According to type of construction, distribution system is classified as

A. Overhead system

B. Underground system

ii) Scheme of operation: According to scheme of operation, distribution system may be classified

as:

a. Radial delivery network
b. Ring main system
c. Interconnected system

|
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An electrical utility company engages in producing and providing electricity to its customers. The
generation plants and loads are normally located geographically far from each other and they are
connected by transmission lines. From generating plants to load, voltage quality, power loss and

reliability are challenging issues in electrical utility industry [4].

Utilities in the electric sector are currently focusing in reducing power losses, in order to be more
competitive. The electricity prices in deregulated markets are related to the system losses. In
regulated markets like our country also reducing the losses have advantages for both utility
company Ethiopian Electrical Power (EEP) and end users. This loss reduction can be done using
effective and efficient optimization tools which reduce losses and cost of energy at the consumer

end[5].

The application of shunt capacitor in distribution feeders has always been an important research
area. Most of loads have inductive nature and due to this current and line losses will increase. To
decrease the power loss and to improve the power factor we use capacitor. It is because a portion
of power loss in distribution systems could be reduced by adding shunt capacitors to supply a part
of the reactive power demands. For this reason, the source of the system does not necessarily have
to supply all reactive power demands and losses. Consequently, there is a possibility to decrease
the losses associated with the reactive power flow through the branches in the distribution
systems. The benefits of capacitor placement in distribution systems are power factor correction,
bus voltage regulation, power and energy loss reduction, feeder and system capacity increase as
well as power quality improvement [6]. The extent of the aforementioned advantages of capacitor
placement depends on how capacitors are allocated and controlled under possible loading
conditions. This means that the optimization problem, namely, capacitor placement problem
should be formulated with the desired objective function of loss minimization and various technical
constraints. After that, the proper solution techniques should be applied to determine the optimal

number, location and size of capacitors.

The intention of this thesis is to reduce reactive loss by placing shunt capacitors at selected feeder

of Adama city electric power distribution networks using artificial intelligence techniques.
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1.2 Statement of the problem

Distribution power losses can be divided into two categories technical and non-technical losses.
The technical losses are related to the material properties and its resistance to the flow of the
electrical current that is dissipated as heat. The most obvious examples are the power dissipated in
distribution lines and transformers due to their internal electrical resistance. On the other hand,
non-technical losses are caused by clandestine connections, frauds in energy meters and diversity

of readings of energy measurement. High rate of technical losses might cause [7]:-

= Poor quality of service offered to customers.
= High cost, Therefore, the reduction of technical losses leads to a real gain in

energy cost.

The losses in distribution lines are larger than at transmission level. Since power loss in the
distribution lines can be considered to be entirely due to copper losses, it can be calculated using

equation below.
P=I’R (1.1)

From this, it is apparent that anything that changes either current or line resistance will affect the
amount of power lost in the line. The primary determining factor for the magnitude of line current
is the amount of real and reactive power loading at the end of the line. As the power that is
transmitted along the line increases, the current flow in the line becomes larger. Higher voltage line
will have also lower copper losses. A long line will have a higher resistance and larger losses than a

short line with the same current flow.[8]

In most of the distribution systems in developing countries, feeders carry large currents to load
points which lead to higher power loss (around 20% ) resulting in poor power quality and higher

electricity prices [2, 9].

Ethiopia is currently a developing country with one of the fastest growth rate in Africa region. The
national average power loss was 15.7 % in 2006 and it rose to 23% in 2014 and most of the power

loss is at distribution level, this is due to increase of inductive load demand, overloading of
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transformers and long distance of loads with distribution transformers[10]. In Adama city
distribution system also electric power losses are high due to lower voltage magnitude. To reduce

the above losses most commonly used techniques are:-

A. Capacitor Placement
B. Feeder reconfiguration and

C. Distributed generation allocation.

Allocating standard size shunt capacitor banks on distribution primary feeders is better
technique. However installing capacitors have the disadvantage of need protective equipment and
my create certain disturbances; they are easy to implementation and cost effective. In addition
to this installing of shunt capacitors banks is very important to improve the power factor, to

improve feeder voltage profile, to reduce Power loss and to increases available capacity of

feeders.
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1.3 Objective of the thesis

1.3.1 General objectives

The general objective of this thesis is to study and analyze power loss of selected feeder in Adama
city power distribution system and minimize the losses associated with reactive component of

branch currents by applying artificial intelligent techniques.

1.3.2 Specific objectives

The specific objective of this thesis includes the following.
%+ To model a feeder of Adama distribution substation and analyze the system losses.

+* To select the location and size of capacitors to be used for compensation using fuzzy and

PSO as optimization techniques
+»* To reduce power loss in distribution lines and

+» To improve voltage profile.

1.4 Research methodology

The procedures including in this Thesis are: -

1) Literature review: Ideas about loss minimization by optimize reactive power using fuzzy
and PSO in books, papers, articles, journals and lectures have been reviewed.

2) Data collection: Line data and bus data used in this research are measured from the
AutoCAD and distribution transformers.

3) Modeling: Model single line diagrams of selected feeder of Adama distribution have
been done Using Microsoft viso 2010.

4) Final result analysis: The data is analyzed by using MATLAB R2010a.

I ——
Adama Science and Technology University By Alemante Abeje Page 6



Optimal Capacitor Placement in Distribution System for Loss Minimization 2017

1.5 Significance of the study

This research has a great significance in contributing to the loss minimization on distribution

system. Moreover, the output of the research has contributions in the following ways:

It helps to improve voltage profile of distribution networks which is one important quality

measure for a power system and

7
o0

It also helps to improve system capacity and hence permits additional loads to be added

without overloading the system.

1.6 Adama city power distribution background

Adama is a city in central Ethiopia and the previous capital of the Oromia region. Adama forms a
Special zone of Oromia and is surrounded by east Shewa zone. It is located at 8.54°N 39.27°E at an
elevation of 1712 meters, 99 km southeast of Addis Ababa. The city sits between the base of an
escarpment to the west, and the great rift valley to the east. Adama is a busy transportation center.
The city is situated along the road that connects Addis Ababa with Dire Dawa. A large number of
trucks use this same route to travel to and from the seaports of Djibouti. Additionally, the new
Addis Ababa-Djibouti railroad runs through Adama[11]. The city population is estimated to be

around 599,621 and the life of population depends mainly up on trading.

There are some big industries in the city also. Due to these industries and population size the
electric power consumption in the city is very high. The Nazareth substation takes 132 KV directly
from the Koka and Adama wind farm power station and step down it to 15 KV by using two
substation power transformers of ratings 25 MVA, 132/15 KV,109.3/962.3 A, 50 HZ of a reactance
18% of each and feeds it to the city main distribution bus, as one can see from figure 1:2 Adama
city contains seven feeders, which provides power to the consumers. Three of them supplies three
different large factories namely the Adama Turk textile factory, Modjo cement factory and Koka
metal factory respectively the remaining four feeders supply other residential and commercial
loads plus some medium and small industries in the city. In this research, feeder four has been

considered for loss minimization.
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There are different transformers in the system, of which the two 25 MVA parallel connected power
transformers step down the main incoming 132 KV voltage in to 15 KV to feed main distribution
bus. The other types of transformers are distribution transformer. The distribution transformers at
each feeder have different KVA ratings and they convert primary distribution voltage of 15 KV to
the consumer usable form secondary distribution voltage of 0.38 KV. Most of the distribution
transformers have no loss compensating devices, so that enhancement should be needed to

increase the voltage profile and to minimize distribution power losses.

The selected feeder has 15 KV voltage rating, 71 transformers, annual average peak load of 8.4 Mw

and 33.75km length.

132 KVAdama Wind 132 KV Koka
[ncoming Incoming

132 KV

132 KV Awash 7
_ kilo Outgoing Line
132 KV/15KV 132 KV/15KV
I5SMVA 25MVA

15KV
Line Line Line Line Line Line Line
One Two Three Four Five Six Seven

Figure 1:2 Single Line diagram of Adama substation
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1.7 Overview of the thesis

Chapter 1: has presented the Introduction of distribution system, Statement of the problem,

Objective of the research and organization of the research.
Chapter 2: presents review of related literatures.

Chapter 3: presents proposed methodologies and algorithms to solve the problem. Backward
forward load flow technique is applied to determine the bus voltage and branch powers. Fuzzy
logic and PSO optimization techniques are presented to get optimal locations and appropriate

capacitor sizes respectively.

Chapter 4: outlines the necessary datas to solve problem of this research. The results of number of

buses to be compensated and results of buses after sizing optimal location of capacitor are shown.

Chapter 5: presents the overall conclusions and future work of this research.
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2. LITERATURE REVIEW

2.1 Introduction

Most loads on an electrical distribution system can be resistive, inductive, capacitive or
combination of them. Currently most common loads are inductive loads, like transformers,
fluorescent lightning and AC induction motors. All inductive loads require active and reactive power
to function properly. Without capacitors the inductive loads draw active and reactive power and
the transformer is fully loaded. With appropriately rated capacitors connected in parallel the
reactive power drawn from the supply is neutralized and the transformer only feeds active power.
Applying shunt capacitors to primary distribution feeders provides an alternative source of reactive

power to reduce the level of reactive power provided by the supply.

Capacitors have been commonly used to provide reactive power compensation in distribution
Systems. The amount of compensation provided is very much linked to the placement of capacitors
in the distribution system which is essentially determination of the location, size, number and type
of capacitors to be placed in the system. The proper application of capacitors serves to reduce the

system current and raise the system voltage. This accomplishes following benefits [1, 12, 13]:
1. Reduces loading of thermally limited equipment
2. Reduces system voltage drop
3. Reduces system losses
4. Increase the capacity.

The optimal reactive power is a complicated combinatorial optimization problem. Many different
optimization techniques and algorithms have been proposed in the past. Some load flow

techniques and optimization algorithms are reviewed as below.
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2.2 Load flow

In power engineering, the load flow study is a numerical analysis of the flow of electric power in an
interconnected system. A power-flow study usually uses simplified notation such as a one-line
diagram and per-unit system, and focuses on various aspects of AC power parameters, such as
voltages, voltage angles, real power and reactive power. It analyzes the power systems in normal

steady-state operation.

It is very important tool for analysis of power systems and used in operational as well as planning
stages. Certain applications, particularly in distribution automation and optimization require
repeated load flow solutions. As the power distribution networks become more and more complex,
there is a higher demand for efficient and reliable system operation. It is observed that the radial

distribution systems are unbalanced because of single-phase, two-phase and three phase loads.

There have been a lot of interests in the area of three phase distribution load flows. A fast
decoupled power flow method has been proposed in [5]. This method orders the laterals instead of
buses into layers, thus reducing the problem size to the number of laterals. Using of lateral
variables instead of bus variables makes this method more efficient for a given system topology,
but it may add some difficulties if the network topology is changed regularly, which is common in

distribution systems because of switching operations.

Due to the high R/X ratios and unbalanced operation in distribution systems, the conventional load
flow method may provide inaccurate results and may not be converged. Therefore, conventional

load flow methods cannot be directly applied to distribution systems [14].

J. B. V. Subrahmanyam presented a forward method, in this method the sending end voltage
becomes the main concern of the system convergence. Voltage drop and the information on

system structure have been considered in the forward sweep [15].

Jianweiet et al stated that the ladder network method could be Performed in two directions: a

backward sweep for current summation and then a forward sweep for voltage calculation [14].
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This iteration sequence could speed up the convergence compared to the forward ladder network

method.

J. A. Michline et al. proposed backward /forward sweep load flow algorithm for radial distribution
systems which includes the backward sweep and the decomposed forward sweep. Backward
sweep uses KVL and KCL to obtain the calculated voltage at each bus and current on each branch
[16].This algorithm demonstrated its better convergence compared to other method in terms of

computational efficiency.

In this thesis load flow analysis of a network is performed by backward forward load flow technique
by treating every lateral and sub laterals. The branch current evaluation starts from the far end of
each of the sub lateral and main lines and moves towards the root node. Once the branch current
is determined, the node voltage evaluation begins from the root node and moves towards the node

located at the far end of main lateral.

2.3 Optimization techniques

Shunt capacitors are very commonly used on the primary feeders of a radial distribution system to
reduce the power losses and to improve the voltage profile of the system. The objective of the
capacitor placement problem is to determine the location and size of the capacitor so that the
annual savings are maximized. A variety of solution techniques have been employed to solve the
capacitor placement problem. These techniques are classified into four categories. They are
analytical methods, numerical programming methods, heuristic search methods and artificial
intelligence (Al) based methods. In recent years, Al- based methods have been applied to the

capacitor placement problem with promising results[13].

Mahdi Mozaffari Legha and Others proposed a new meta heuristic artificial bee colony algorithm
to find the optimal and simultaneous place and capacity of these resources to reduce losses,
improve voltage profile. It is inspired by the intelligent foraging behavior of honey bee swarm. The
proposed method is tested on actual power network of Kerman Province, Iran and the simulation

results are presented and discussed [17].
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Priyanka das and S.Banerejee presented cuckoo search algorithm for optimal allocation of capacitor
in a radial distribution system. Loss sensitivity factor is used to calculate the location and the
cuckoo search algorithm is used for minimization of cost that includes capacitor cost and cost due

to power loss [17].

A.Kartikeya Sarma et al have applied a new approach for capacitor placement in radial distribution systems
that determine the optimal locations and size of capacitor with an objective of improving the voltage profile
and reduction of power loss [19]. In part one the loss sensitivity factors are used to select the candidate
locations for the capacitor placement and in part two Plant growth simulation algorithm is used to estimate
the optimal size of capacitors at the optimal buses determined in part one. The proposed method is applied

to 33, 34 and 69-bus radial distribution systems.

Priya Kanta Bansal has applied genetic algorithm (GA) and particle swarm optimization for
capacitor placement in the radial distribution system. He applied his method to identify the optimal
location of the capacitor using GA and to determine the size of the capacitor using PSO. The

proposed method is implemented on 34-bus [1].

M.Y.Balaji Prasanna et al presented a two-stage methodology of finding the optimal locations and
sizes of shunt capacitors for reactive power compensation of radial distribution systems. Fuzzy
approach is proposed to find the optimal capacitor locations and PSO method is proposed to find

the optimal capacitor sizes [20].

S.M kannan has applied hybrid fuzzy particle swarm optimization for solution of the reactive power
problem. The purposes of this paper is to minimize real power loss and to improve the voltage

profile of a given power system [3].

M. Damodar Reddy et al proposed the capacitor placement problem by using fuzzy approximate
reasoning and PSO. In the first stage fuzzy logic is applied to determine the optimal capacitor
locations. In the second stage, a particle swarm optimization (PSO) method is proposed to find the
sizes of the capacitors [21]. The capacitor placement problem is modeled with the objective
function, which maximizes the annual savings. The proposed method is tested on 15-bus, 34-bus,
and 69-bus test systems and the results are presented.
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AS we understand from the above reviews, Al techniques give faster and accurate solution to an
optimization problem than the existing conventional techniques. Artificial intelligence techniques

generally make use of multiple solutions to obtain an optimal solution.

Fuzzy logic has the advantage of including heuristics and representing engineering judgments into
the capacitor allocation optimization process. Furthermore, the solutions obtained from a fuzzy
algorithm can be quickly assessed to determine their feasibility in being implemented in the

distribution system.

PSO is the most popular optimization technique because of its implementation is simple, it has small

computational load, and its convergence is fast. PSO is efficient for the solution of difficult problems.

In this thesis the location of the nodes where the capacitors should be placed is decided by a set of

rules given by the fuzzy expert system and the sizing of the capacitors is selected using PSO.
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3. PROPOSED METHODOLOGY

3.1 Problem formulation

The main objective of the reactive power optimization is to minimize the system real power losses
and improve voltage quality due to capacitor placement and loss with constraints that include

limits. The control variable is shunt capacitor bank.

Objective function: Minimize feeder loss

n 2

k=1
Where:

P.= System real power loss and

n= Number of bus

Reactive power optimization is subjected to the following equality and inequality constraints. Since
power loss is a non-linear function of bus voltages, which are functions of control variables. The
minimization problem is subject to operating constraints [22], which are the inequality constraints

and the equality constraints.

i. Equality constraints:

1. Active power constraint

NB
PGi — PDi — Vlz 1(Vj(GijC059ij + BUSlnHU) =0 (32)
]:

2. Reactive power constraints

NB

QGi - QDi - ViZ(Vj(GijCOSHij - BUSlnGU) =0 (33)
j=1
=1, 2 e, Ng-1

Where,
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Vi= Voltage magnitude at bus i
Vj= Voltage magnitude at bus j

P;, Qi = Real and reactive powers injected into network at bus i

Gj;, Bjj= Mutual conductance and susceptance between bus i and bus j

Q;i = Reactive power generation at bus i

Ng — 1 = Total number of buses excluding slack bus

Npg = Number of PQ buses

8= Voltage angle difference between bus i and bus j

The equality constraints can be automatically satisfied by load flow calculation.

Il. Inequality constraint:

Bus voltage magnitude constraint

VAREAVE VA 3.4)
Where:

V™" = Minimum acceptable bus voltage
V; = Voltage at i bus

V"= Maximum acceptable bus voltage

The lower/upper limit of control variables corresponds to the coding on the PSO, so the inequality

constraints of the control variable are satisfied.

3.2 Resistance and reactance calculation

Resistance and reactance of each branch are calculated using equation 3.5 and 3.6 respectively.
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Where: R = Resistance of a branch between two buses
x = Reactance of a branch between two buses
| = Length of conductor
t = Standard resistance value per km
k = Standard Inductance value per km

The electrical parameters for conductors for modeling the feeder of Adama taken from standard

books and manufacturer catalogues are shown in the Appendix a.

The feeder is 15 KV three phase systems, the system base loads are assumed as constant and Spase is
1.5 MVA.

Zoase = (15Kv) 2/ 1.5Mva=150hm

| base=s/v/3 v = 57.8A,the Pu values of the line data’s are calculated using Z,.s. and Pu values of

bus data are obtained using Spase.

The selected feeder is modeled as shown in Figure 3:1 by using Microsoft office visio.
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Figure 3:1 Single line diagram of a feeder
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3.3 Backward forward power flow algorithm

The goal of a power-flow study is to obtain complete voltage angle and magnitude information for
each bus in a power system for specified load and generator real power and voltage conditions.
Once this information is known, real and reactive power flow on each branch as well as generator
reactive power output can be analytically determined. The solution to the power-flow problem
begins with identifying the known and unknown variables in the system. The known and unknown

variables are dependent on the type of bus [23].

Forward/backward sweep-based power flow algorithms take advantage of the radial network
topology and consist of forward and/or backward sweep processes. The forward sweep is mainly
the node voltage calculation from the sending end to the far end of the feeder and laterals, and the
backward sweep is primarily the branch current and/or power summation from the far end to the

sending end of the feeder and laterals.

This method includes two steps: the backward sweep and the forward sweep. In backward sweep
currents are computed using KVL and KCL from the farthest node from the source node. In forward
sweep, the downstream voltage is calculated starting from source node. The input data of this
algorithm is given by node-branch oriented data. Basic data required are, active and reactive
powers, nomenclature for sending and receiving nodes, and impedance model for all branches.
Listed below summarize major steps of the proposed solution algorithm with appropriate
equations. Two matrices are used to obtain power flow solutions. These are the bus-injection to
branch-current (BIBC) matrix and the branch-current to bus-voltage (BCBV) matrix. The BIBC
presents the relationships between branch currents flowing through the radial network and node

currents injected at each bus. For bus, the complex load S; is expressed as:-
Si =P +]0Q; (3.7)
i=1.....N

3.3.1 Backward sweep [22]

For each iteration k, branch currents are aggregated from loads to origin. But before finding the

branch current we need to find the current injected at each bus and the bus-injection to branch-
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current (BIBC) which relates the bus injected current to the branch current. The current injection at

the k-th iteration of the ith bus is expressed in Equation:-
La = 17(VF) +JIF©iF) = (2224 (3.8)
ki

Where Vand I are the bus voltage and equivalent current injection of the ith bus at the kth
iteration, respectively. |; and li are the real and imaginary parts of the equivalent current injection

of bus i at the kth iteration, respectively.
Matrix development:

Bus4 Bus 5

Bz Ba

Bus1l Bus 2 Bus 3 _1 _l
B1 Bz
1 Bus 6
Bs

Figure 3:2 Simple radial networks

From equation (3.8), injected currents are obtained by applying Kirchhoff’s current law (KCL) to the
distribution network. A simple distribution system shown in the Figure 3:2 is used as example.

Branch currents can then be formulated as functions of equivalent current injections. For example,

the branch currents B1, B3 and Bs can be expressed as:

Bi=lh+Il3+l+ 15+ g
B, = |3 +|4+ |5 + |6
Bg = |4 +|5 (39)

Bs=1Is
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Therefore, the relationship between the bus current injections and branch currents can be

expressed as:-

B, 11111 l,
B, 01111 I,
B;[=/0 01 1 0 l, (3.10)
B, 0 0010 8
1B [0 0 0 0 1] [Ig
Equation (3.10) can also be expressed as shown in Equation 3.11
[B]=[BIBC] [I] (3.11)

Where: BIBC is a bus injection to brunch current matrix, which is the upper triangular matrix

and contains values of zeros and ones only.

3.3.2 Forward sweep [22]

Nodal voltage vector V is updated from the origin to loads according the Kirchhoff voltage laws
(KVL), using previously calculated branch currents vector B and branch-current to bus-voltage
(BCBV). The relationship between branch currents and bus voltages as shown in Figure 3:2 can be

expressed as;

Vs = Vi — B1Zs (3.12)
Vs =V, — ByZss (3.13)
Vs = V3 — BsZss (3.14)
Vs = V4 — ByZss (3.15)
Vg = V3 — BsZsg (3.16)

Where Vi is the voltage of bus i, and Z; is the line impedance between bus i and bus j.

Substituting equation (3.12) and (3.13) in to (3.14), then (3.14) can be rewritten as
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V4 =Vi1—B1Z1; — ByZy3 — B3Z3s (3-17)

From equation 3.17, it can be seen that the bus voltage can be expressed as a function of branch
currents, line parameters, and the substation voltage. Similar procedures can be performed on
other buses; therefore, the relationship between branch currents and bus voltages can be

expressed as,

v, [v,] [z, 0 0 0 O] [B]
Vo |V,] |Z, Z, O 0O O B,
V, =V, |-|Z, Z,; Z, 0 O B, (3.18)
V5 V1 ZlZ Z23 Z34 Z45 0 B4
_V6 i _V1 | _le Zzs 0 0 Zae L Bs J

Equation (3.18) can be rewritten in general form as,
[Viea] = [V1] - [BCBV] [B] (3.19)

3.3.3 Procedure forming BIBC and BCBV matrix

As seen above the BIBC and BCBV matrices are developed based on the topological structure of
distribution systems. The BIBC matrix represents the relationship between bus current injections
and branch currents. The corresponding variations at branch currents, generated by the variations
at bus current injections, can be calculated directly by the BIBC matrix. The BCBV matrix represents
the relationship between branch currents and bus voltages. The corresponding variations at bus
voltages, generated by the variations at branch currents, can be calculated directly by the BCBV

matrix. So the procedures for forming the BIBC and BCBV are shown below:

Procedure 1: Forming BIBC: Stepl: For a distribution system with m-branch section and n-bus, the

dimension of the BIBC matrix is m x (n-1).

Step 2: If a line section (By) is located between bus i and bus j, copy the column of the ith bus of the
BIBC matrix to the column of the j-th bus and fill a 1 to the position of the k-th row and the j-th bus

column.

Step 3: Repeat step (2) until all line sections are included in the BIBC matrix.
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Procedure 2: Forming BCBV: Stepl: For a distribution system with m-branch section and n-bus, the

dimension of the BCBV matrix is (n-1) x m.

Step 2: If a line section is located between bus i and bus j, copy the row of the i-th bus of the BCBV
matrix to the column of the j-th bus and fill the line impedance (Z;) to the position of the j-th

column and the i-th bus row.

Step 3: Repeat step (2) until all line sections are included in the BCBV matrix.

3.4 Fuzzy logic model

Fuzzy models in a broad sense are of two types. The first category of the model proposed by
Mamdani is based on the collection of if-then rules with both fuzzy-antecedent and consequent
predicates. The advantage of this model is that the rule base is generally provided by an expert and
to a certain degree, it is transparent to interpretation and analysis. Because of its simplicity the
Mamdani model is the most widely used technique for solving many real world problem:s.

The second category of the fuzzy model is based on Takagi-Sugeno-Kang. These types of models are
formed by if-then rules that have a fuzzy antecedent part and functional consequent. The fuzzy
models are also called fuzzy rule based systems and fuzzy controllers. A fuzzy rule-based system is
composed of four parts: fuzzifier, knowledge base, inference engine, and defuzzifier[24]. A typical

fuzzy rule based system is depicted in Figure 3:3.

Data base

\ 4 A 4

A 4

Inference Defuzzifier

\ 4

v

Fuzzifier

\ 4

engine

A

Rule base

Figure 3:3 Structure of a fuzzy rule based System
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The fuzzy logic is used to identify the optimal location to place the capacitor in a radial distribution
system so as to minimize the losses. The fuzzy expert system (FES) contains a set of rules which are
developed from qualitative descriptions. In a FES rules may be fired with some degree using fuzzy
inference, where as in a conventional expert System a rule is either fired or not fired. For the
capacitor placement problem rules are defined to determine the suitability of a bus for capacitor

placement [24].

For determining the suitability of a particular bus for capacitor placement, sets of multiple-
antecedent fuzzy rules have been established. The inputs to the rules are the bus voltages in p.u,

power loss indices, and the output consequent is the suitability of a bus for capacitor placement.
3.4.1 Procedure to calculate power loss index

The power loss index at ity bus is the variable which is given to fuzzy expert system to identify

suitable location for the capacitor.
Step 1: Read radial distribution system data
Step 2: Perform the load flows and calculate active power loss of each bus

Step 3: Calculate power loss indices using the following equation:-

PLI(i) = —2@ (3.20)

PL(max)

Where,

PLI (;) = Power loss index at each bus
P,(;) = Power loss of each bus

P (max) = Maximum power loss

3.4.2 Identification of sensitive bus by fuzzy expert system

The power loss indices and bus voltages are used as the inputs to the fuzzy expert system, which
determines the buses which are more suitable for capacitor installation. The power loss indices

range varies from 0 to 1. The voltage range varies from 0.9 to 1.1 and the output [capacitor
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suitability index (CSl)] range varies from 0 to 1. These variables are described by five membership

functions of high, high-medium, medium, low-medium and low [25].

The membership functions of power loss indices voltage and CSI are combination of triangular and
trapezoidal membership functions. These are graphically shown in Figure 3:4 to 3:6. The
membership functions for describing the voltage have been created based on standards of
acceptable operating voltage ranges for distribution systems. The membership functions for the PLI
and CSl indices are created to provide a ranking [26].Therefore, as shown in table 3:1 partitions of

the membership functions for the power and capacitor suitability indices are equally spaced apart.

Table 3:1 Fuzzy membership functions

Membership function for power loss index

Variable Low Low - medium Medium High — medium | High

PLI <0.25 0.00 --- 0.5 0.25---0.75 0.5---1.00 >0.75

Membership function for bus voltage

Variable Low Low - medium Medium High — medium | High

Voltage <0.94 0.92 ---0.98 0.96 ---1.04 1.02 ---1.08 >1.06

Membership function for suitability of capacitor placement

Variable Low Low - medium Medium High — medium | High

Csl <0.25 0.00---0.5 0.25---0.75 0.5--1.00 >0.75
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Figure 3:6 Capacitor suitability index membership function
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For the capacitor placement problem rules are defined to determine the suitability of a bus for
capacitor installation. For determining the suitability for capacitor placement at a particular bus, a
set of multiple antecedent fuzzy rules have been established [26]. The rules are summarized in the

fuzzy decision matrix in Table 3:2. The consequent of the rules are in the shaded part of the matrix.

Table 3:2 Decision matrix for determining suitable capacitor locations

Voltage
And Low Low- medium | Medium High- medium | High
Power Low Low — med Low — med Low Low Low
Loss Low —med Med Low—-med | Low— med Low Low
Index Med High —med Med Low —med Low Low
(PLI) High —med | High—med | High—med Med Low — med Low
High High High — med Med Low — med Low- med

Defuzzification proce