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ABSTRACT

The complexity of the distribution systems has increased many folds due to its vast ex-

pansion and hence it has become prone to faults which eventually affects the continuity

of supply and increase the network losses. The impact of outages due to any failure or

overloads of network components in the distribution system can be reduced by the recon-

figuration of network and embedding sizable distribution generation at optimal locations.

In the scenario of deregulation, net present value analysis of the system is quite signifi-

cant for decision making. In this study, contingencies are solved by finding out the best

switching sequence of fixed number of tie lines and sectionalizers for the reconfiguration

of system with an objective to improve the operating conditions. Further, genetic algo-

rithm (GA) has been used to find the optimal location and size of embedded distribution

generation in order to improve voltage profile and to reduce losses for given load demand.

The proposed study of reconfiguration and distributed generation has been implemented

on loaded IEEE 33 and IEEE 69 bus radial distribution systems for simulations to study

the impact of different contingencies. The simulation results obtained are satisfactory.

The results suggest that investment is distribution generation is attractive when recon-

figuration is used to minimize load curtailment.

Keywords: Contingency, Distribution system, Distributed Generation, Genetic algo-

rithm, IEEE bus, Radial, Reconfiguration, Sectionalisers, Tie line, Voltage Sensitivity

Index (VSI).



Table of Contents

Title Page.No.

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

List of Notations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

List of Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

Chapter 1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Gap of Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Scope of Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Objective of Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.6 Organization of the Dissertation . . . . . . . . . . . . . . . . . . . . 7

Chapter 2 RADIAL POWER FLOW ANALYSIS . . . . . . . . . . . . . 9

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Radial Power Flow Analysis . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Rearranging Line Data . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

Chapter 3 NETWORK RECONFIGURATION . . . . . . . . . . . . . . . 15

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2.1 Objective Function . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2.2 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.3 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.4 Solution Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . 17



3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

Chapter 4 DISTRIBUTED GENARATION ALLOCATION . . . . . . . 19

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.1.1 Genetic Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2.1 Objective Function . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.2.2 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.3 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.4 Solution Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.5 Voltage Sensitivity Index . . . . . . . . . . . . . . . . . . . . . . . . 23

4.5.1 Algorithm for Voltage sensitivity Index . . . . . . . . . . . . . . . 23

4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

Chapter 5 CONTINGENCY ANALYSIS . . . . . . . . . . . . . . . . . . . 25

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.2 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.2.1 Objective Function . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.2.2 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

5.3 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

5.4 Solution Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Chapter 6 RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . 29

6.1 Power Flow Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 29

6.1.1 IEEE 33 Bus Distribution System . . . . . . . . . . . . . . . . . . 29

6.1.2 IEEE 69 Bus Distribution System . . . . . . . . . . . . . . . . . . 32

6.2 Network Reconfiguration . . . . . . . . . . . . . . . . . . . . . . . . 36

6.2.1 Reconfiguration of IEEE 33 Bus Distribution System . . . . . . . 36

6.2.2 Reconfiguration of IEEE 69 Bus Distribution System . . . . . . . 39

6.3 Distributed Generation Allocation . . . . . . . . . . . . . . . . . . . 42

6.3.1 Generation Allocation of IEEE 33 Bus Distribution System . . . . 42

6.3.2 Generation Allocation of IEEE 69 Bus Distribution System . . . . 43

6.4 Contingency Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 45

6.4.1 IEEE 33 Bus Distribution System . . . . . . . . . . . . . . . . . . 45

6.4.2 IEEE 69 Bus Distribution System . . . . . . . . . . . . . . . . . . 50

Chapter 7 CONCLUSION AND FUTURE SCOPE . . . . . . . . . . . . 59

7.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

7.2 Future Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

ix



REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

A.1 Line and Bus Data of IEEE 33 Bus System . . . . . . . . . . . . . 65

A.2 Line and Bus Data of IEEE 69 Bus System . . . . . . . . . . . . . 67

A.3 IS 12360:1988 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

x



List of Figures

Figure No. Caption Page.No.

2.1 Schematic diagram of two bus system. . . . . . . . . . . . . . . . . . . . 10

2.2 Graph for search algorithms . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Flowchart of radial power flow solution. . . . . . . . . . . . . . . . . . . . 13

4.1 Schematic diagram of two bus system . . . . . . . . . . . . . . . . . . . . 24

6.1 IEEE 33 bus distribution system . . . . . . . . . . . . . . . . . . . . . . 29

6.2 Bus voltage magnitude of IEEE 33 bus system . . . . . . . . . . . . . . . 30

6.3 IEEE 69 bus distribution system . . . . . . . . . . . . . . . . . . . . . . 32

6.4 Bus voltage magnitude of IEEE 69 bus system . . . . . . . . . . . . . . . 33

6.5 Reconfigured IEEE 33 bus distribution system . . . . . . . . . . . . . . . 38

6.6 Bus voltage magnitude of IEEE 33 bus system with reconfiguration . . . 38

6.7 Reconfigured 69 bus distribution system . . . . . . . . . . . . . . . . . . 41

6.8 Bus voltage magnitude of 69 bus system with reconfiguration . . . . . . . 41

6.9 Voltage sensitivity index of IEEE 33 bus system with DGs . . . . . . . . 43

6.10 Bus voltage magnitude of IEEE 33 bus system with DGs . . . . . . . . . 43

6.11 Voltage sensitivity index of IEEE 69 bus system with DGs . . . . . . . . 44

6.12 Bus voltage magnitude of IEEE 69 bus system with DGs . . . . . . . . . 45



List of Tables

Table No. Caption Page.No.

6.1 Voltage magnitude and angle for IEEE 33 bus system . . . . . . . . . . . 30

6.2 Active and reactive power losses of IEEE 33 Bus system . . . . . . . . . 31

6.3 Total active and reactive power losses of IEEE 33 bus system . . . . . . . 31

6.4 Voltage magnitude and angle for IEEE 69 bus system . . . . . . . . . . . 32

6.5 Active and reactive power losses of IEEE 69 Bus system . . . . . . . . . 34

6.6 Total Active and reactive power losses of IEEE 69 Bus system . . . . . . 35

6.7 Reconfiguration of IEEE 33 bus system . . . . . . . . . . . . . . . . . . . 36

6.8 Effect of reconfiguration on IEEE 33 bus system . . . . . . . . . . . . . . 38

6.9 Reconfiguration of IEEE 69 bus system . . . . . . . . . . . . . . . . . . . 39

6.10 Effect of reconfiguration on IEEE 69 bus system . . . . . . . . . . . . . . 41

6.11 Distributed generation allocation on IEEE 33 bus 3system . . . . . . . . 42

6.12 Distributed generation allocation on IEEE 69 bus system . . . . . . . . . 44

6.13 Contingency analysis of base IEEE 33 bus system . . . . . . . . . . . . . 45

6.14 Reconfiguration of IEEE 33 bus system after contingency . . . . . . . . . 47

6.15 Reconfiguration of IEEE 33 bus system after contingency . . . . . . . . . 48

6.16 Contingency analysis of base IEEE 33 bus system . . . . . . . . . . . . . 49

6.17 Contingency analysis of base IEEE 69 Bus system . . . . . . . . . . . . . 50

6.18 Reconfiguration of IEEE 69 Bus system after contingency . . . . . . . . . 52

6.19 Reconfiguration of IEEE 69 Bus system with DG after contingency . . . 54

6.20 Contingency analysis of base IEEE 69 bus system . . . . . . . . . . . . . 56



List of Notations

N No. of buses

B No. of branches

LD Line data

BD Bus data

IT Iteration Number

IITi Current at the ith bus in IT th iteration

Pi, Qi Active and reactive power load at the ith bus

P ′i , Q
′
i Total active and reactive power load connected at and after ith bus

V IT−1
i Voltage at the ith bus in (IT − 1)th iteration

Yi Admittance at the ith bus

Zij Impedance of ijth branch

Jij Current flowing through ijth branch in IT th iteration

PlossT Total active power loss

QlossT Total reactive power loss

Rij Resistance of ijth branch

Xij Reactance of ijth branch

Jmax
ij Maximum current flow in the ijth branch

V max
i , V min

i Upper and lower limit of the voltage at ith bus

f Objective function to be minimized

gi(x) Inequality constraints

hj(x) Equality constraints

m No. of inequality constraints

p No. of equality constraints

C Connection matrix

P d curt Total curtailed load

F Fitness function

PDGi, QDGi Active and reactive power supplied by DG at ith bus

PDGmax
i , PDGmin

i Upper and lower limit of the distributed generation connected ith bus

con Contingency counter

C loss Cost of active power loss

Cd curt Cost of demand curtailment



xiv



List of Abbreviations

RDS Radial Distribution System

NR Network Reconfiguration

DG Distributed Generation

GA Genetic Algorithm

VSI Voltage Stability Index

PSO Particle Swarm Optimization

BIBC Branch Injection to Branch Current

BCBV Branch Current to Bus voltage

ANN Artificial Neural Network

BFS Breadth First Search

DFS Depth First Search

IS Indian Standard



xvi



CHAPTER 1

INTRODUCTION

1.1. Overview

Distribution system provides a connection between the main feeder and individual load

points. Any disturbance on the system will directly have adverse effect on the load side.

Therefore the analysis of distribution system is very important. Distribution network can

be categorized into two types:

1. Radial distribution network

2. Meshed distribution network

The radial distribution network consists of main feeders originating from the substation

connecting major load centers. Individual load points are connected to the main feeder

by lateral distributors. This type of network is used in rural areas with isolated loads.

The mesh distribution network is an interconnected network with multiple connections

to the point of supply. This type of network is more reliable but costly, usually used in

urban areas.

Distribution system inherits some features [1] characterized as:

1. Large number of busses and branches.

2. Large resistance to reactance (R/X) ratio.

3. Unbalanced distributed load.

Because of these characteristics, the distribution system falls under the category of ill-

conditioned power system. For an ill-conditioned power system, the conventional power

flow methods like Gauss-Seidel, Newton Raphson and Fast decoupled load flow fail to

converge [2].

To solve distribution system power flow problem, the solution method should have fol-

lowing features:

1. Ability to solve power flow of radial and mesh network with a large number of buses

and branches.

2. Efficient and robust.

3. Require less computational time.
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The radial distribution system has an advantage of simple design and low cost but it also

suffers from some disadvantages:

1. Heavy loading of the line near the source.

2. Low voltage at end node due to the large voltage drop across main feeder and laterals.

3. Any outage of equipment or line causes interruption of supply to all the users

connected after it.

The methods used to overcome most of the disadvantages mentioned above are:

1. Network Reconfiguration

2. Distributed Generation

Network reconfiguration is a loss minimization technique suitable for the low voltage

distribution system. It also improves the reliability of the system by isolating faults and

provides protection [3]. The system is reconfigured for the redirection of power by opening

and closing of tie line switches and sectionalizer. Network reconfiguration is used for

• Power loss minimization

• Load balancing

• Reduction service interruption frequency

• Post fault service restoration

• Service maintenance

Distributed Generation (DG) is a small power generating unit connected to the distri-

bution network [4]. The penetration of DG in the distributed system is increasing day

by day to meet the increasing power demand of electricity and also enhance the use of

renewable energy sources.

Reconfiguration of a system incorporating DGs are gaining more recognition due to the

following advantages:

• Loss minimization

• Voltage profile improvement

• Enhancing system stability

• Reduce congestion

• Improving system reliability

The optimal location and proper size of DG are given due importance because improper

location and size of a DG can adversely affect the system [5].

Incorporation of DGs at various locations along with switches used for network reconfig-

uration of the system have increased the system complexity [6]. These switches also play
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important role during (N-1) contingency as they provide alternate route for the power

supply. Therefore, contingency analysis of the distribution system is important for ana-

lyzing the system under different contingencies. It is also used for identifying best system

topology during contingency for improvement of system reliability.

1.2. Literature Review

Methods and techniques used by various researchers for the computation and analysis

of distribution system power flow, network reconfiguration, distributed generation and

contingency analysis are discussed below:

Shirmohammadi et al.[2] discussed kirchoff’s laws based method for the radial or weakly

meshed distribution system with balanced or unbalanced loading. This method has com-

puted branch current in backward sweep and node voltage in the forward sweep.

Luo and Semlyen [7] proposed a load flow method using active and reactive power as a

flow variable for the radial system. This method has been recommended for power flow

analysis of a weakly meshed system as it can directly handle PV buses connected to the

system by considering loop breakpoints.

Rajicic et al.[8] used oriented element ordering scheme for calculation of power flows

in branch and node voltages. For element ordering all the network elements have been

classified as branch and link and then ordering algorithm has been applied.

Teng [1] proposed a matrix-based method to compute radial load flow. The method of

formation of branch injection to branch current (BIBC) matrix and branch current to bus

voltage (BCBV) matrix has been described in the paper. This method has been reported

fast and efficient for static power flow analysis.

Jabr [9] modeled radial distribution as a convex optimization problem. Execution time

and accuracy of the method relies on the optimization technique has used. Inner point

algorithm has been implemented to solve the constrained optimization problem.

Chang et al.[10] derived an improved backward/forward sweep method for radial load flow

analysis. Distribution line and transformer model have been considered in this method.

In backward sweep, the upstream bus voltage of each line has been calculated using KVL

and KCL. In forward sweep each downstream bus voltage gets updated by the product

of calculated bus voltage and respective ratios.

Ghosh and Sherpa [11] proposed a method independent of branch numbering. The load

flow can be computed for any numbering scheme for node and branches. The method has

applied to different load models.
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Aman et al.[12] presented a load flow method which has been reported efficient to be

used for network reconfiguration. The method has utilized the concept of graph search

technique such as breadth first search (BFS) and depth first search (DFS) for line data

rearrangement. BIBC and BVBC matrix have been used to compute load flow.

Shirmohammadi and Hong [13] employed the heuristic approach to solve the optimum

configuration problem using branch and bound based method. The final switching se-

quence was independent of initial switch position in the proposed method.

Baran and Wu [14] employed approximate power flow equation with branch exchange to

configure the system for loss reduction and load balancing. Reconfiguration problem is

formulated as minimum spanning tree problem.

Abu-Mouti and El-Hawary [15] employed sufficient sensitivity test for locating DG and

heuristic curve fitting technique for determining the optimal size of DG. The size of DG

has increased in steps and graph between power loss and DG size has been plotted.

The point at which the power loss is minimum has been considered as optimal size of

DG.

Fan et al.[16] proposed single loop optimization approach to solve distribution network

reconfiguration problem. An approximation has been applied to linearize nonlinear prob-

lem for implementing linear programming. To solve linear programming problem simplex

method has used.

Siti et al.[3] included dynamic phase load balancing and the effect of phase rearrange

between Distribution Transformer and feeder with the radial configuration. The artifical

neural network has been used for network reconfiguration in conjunction with the heuristic

method for phase load balance and loss minimization.

Kashem et al.[17] employed multilayer perceptron-based artificial neural network (ANN)

for network reconfiguration to reduce real power losses. ANN model has been trained by

the back propagation algorithm.

Queiroz and Lyra [18] considered the load variation while reconfiguring the distribution

system. The method has proposed for the avoiding frequent change in network configura-

tion and use energy flow instead of instantaneous power flow. Adaptive heuristic genetic

algorithm has been used to solve the optimization problem.

Bernardon et al.[19] presented a method based on the fuzzy multi criteria decision making

algorithm. The objective function has considered the minimization of power loss and num-

ber of interrupted customers per year for improvement the reliability of the system.
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Das [20] employed fuzzy multi objective algorithm for network reconfiguration. The ob-

jective function has considered load balancing, power loss minimization and minimum

node voltage deviation. The objective has been first fuzzified and then maximized for

each tie switch operation.

Amanulla et al.[21] employed the minimal cut set algorithm to find minimum component

set between feeder and load. Binary particle swarm optimization (BPSO) has been used

to reconfigure the system with minimum loss and maximum reliability.

Wang and Nehrir [4] presented an analytical approach for the placement of DG for mini-

mizing the network losses. A study has been made to analyze DG connected radial system

with time-invariant and variant loads.

Rao et al.[5] employed harmony search method to solve the configuration problem of

radial distribution system with distributed generation for loss minimization and voltage

profile improvement. Sensitivity analysis has used for the location of DG units and a

study has been carried out for three different load levels.

Ochoa and Harrison [22] proposed multi-period AC optimal power flow to allocate dis-

tributed generation size and location in a way for minimizing energy losses of the system.

A study has been carried out to access the trade-off between increased generation capacity

and energy losses.

Gozel and Hocaoglu [23] employed a lost sensitivity factor to determine the optimal size

and location of DG. The loss sensitivity factor is based on equivalent current injection uti-

lizing bus-injection to branch-current (BIBC) and branch-current to bus-voltage (BCBV)

matrices.

Hung and Mithulananthan [24] presented an improved analytical expression for calculat-

ing optimal size of four DGs. An optimal power flow technique has also been described

for obtaining the amount of reactive power to be generated by DG units.

Abri et al.[25] employed mix integer linear programming to find the optimal location and

size of DG unit. The method has also been used to improve the voltage stability margin

of the network.

Atwa et al.[26] employed mixed integer linear programming to minimize the annual en-

ergy losses. Probabilistic generation load model based method has been used for optimal

allocation of DG units.

Huang et al.[27] proposed a method of energy loss minimization using reconfiguration and

phase balancing. Power flow has been analyzed using backward forward sweep algorithm.

Particle swarm optimization (PSO) has been used for network reconfiguration in stage 1
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and load balancing in stage 2. Energy loss and voltage unbalance factor are considered

for the formulation of multi objective function.

Guan et al.[28] employed the symbol coded quantum PSO method for network reconfig-

uration for loss minimization. DG might generate reactive power more than their limits.

Therefore a study has been presented in this paper to analyze the effect of the different

models of DG on distribution system.

Acharya et al.[29] proposed an analytical expression based on exact loss for allocating

optimum location and size for distributed generation. Furthermore, from the results it

has been observed that the best location and size for loss reduction has not been obtained

by loss sensitivity-based methods.

Sulaiman et al.[30] presented a contingency analysis of distribution system having dis-

tributed generation. The genetic algorithm (GA) has been used to find the optimal size

and location of DG. It also analyzed the effect of the location and size of DG on the

system before and after contingency.

Quevedo et al.[31] proposed an optimal contingency assessment model for analyzing the

distribution network with wind power generation and energy storage under different out-

age conditions. The model has employed mixed integer linear programming for contin-

gency analysis.

1.3. Gap of Study

The effect of the reconfiguration and distributed generation on distribution system is

explained in the various works, explained in the literature survey but the effect of con-

tingencies on the distribution system under different conditions is yet to be analyzed.

The methods to improve the stability of radial distribution system in the event of a

contingency are not yet explored.

1.4. Scope of Work

The scope of this work is to study, formulate and utilize the following topics:

1. Power flow analysis of the radial distribution system.

2. Reconfiguration of the radial distribution system.

3. Location and sizing of distributed generation in the radial distribution system.

4. Contingency analysis of radial distributed system under different scenarios.

1.5. Objective of Work

The objectives of study are to:

1. obtain power flow solution of radial distribution system.
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2. reconfigure the test system for minimizing network losses.

3. obtain the best location and size of DG for test distribution system.

4. analyze the radially distributed system under different contingencies.

5. identify the best switching sequence to solve contingencies.

1.6. Organization of the Dissertation

Chapter 1 includes the introduction, literature survey of the work carried out by dif-

ferent researchers, objective along with gap of study.

Chapter 2 discusses the radial power flow solution.

Chapter 3 explains the topic of network reconfiguration,

Chapter 4 describes the concept of voltage stability index and distributed generation

allocation with its solution methodology.

Chapter 5 discusses the formulation of contingencies based problem under different con-

ditions.

Chapter 6 presents the results and discussion in detail.

Chapter 7 summarizes the conclusion of the results and includes future scope.
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CHAPTER 2

RADIAL POWER FLOW ANALYSIS

2.1. Introduction

Power flow solution is used as an important tool for the analysis of distribution system

as it provides information such as maximum current flowing through a line and voltage

drop associated with it, power loss in each branch etc. This information can be used for

designing, planning and operation of power system.

Iterative methods like gauss seidel and jacobian based method like newton raphson, fast

decoupled are effectively used to obtain power flow solution of transmission system. But

these methods fail to converge when applied to distribution system because distribu-

tion network posses high resistance to reactance ratio (R/X) which causes it to be ill

conditioned [7][8]. Therefore it is necessary to develop method for radial power flow

(RPF).

2.2. Radial Power Flow Analysis

In radial distribution system the power is delivered from the main feeder (main branch)

to the lateral distributer (sub branches) and then to sub laterals. Radial distribution

system has a special feature that there is a unique path from any given bus to the

source. This feature has a disadvantage that any outage of equipment or line causes

interruption of supply to all the users connected afterwards, therefore it is least reliable

but the cheapest network configuration. Although, the same feature is used by different

methods to solve the power flow problem related to radial distribution system, one of such

method is backward/forward sweep method used to obtain power flow solution of radial

distribution system [2]. Backward/forward sweep is a topology based iterative method in

which three set equations are solved in each iteration.

• Nodal current calculation

Initial voltage of all the buses is assumed to be flat. Nodal current injection IITi ac-

cording to specified power injection Pi, Qi and bus voltage for iteration (IT ) is defined

in Equation 2.1

IITi =

(
Pi −Qi

V IT−1
i

)∗
− YiV IT−1

i i = 1, 2, 3...n (2.1)
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Figure 2.1: Schematic diagram of two bus system.

• Backward Sweep

The second set of equations is used to obtain current flow solution. The current flows

in each branch get updated in each iteration by considering the node voltages of the

previous iteration. It starts from the last branch and proceeding in the backward

direction towards the root node branch. This indicates that backward sweep starts

at the extreme end node and proceeds towards source node. Current Jij in branch ij

shown in Fig. 2.1 is calculated from Equation 2.2

J IT
ij = IITi −

∑
( current in branch connected to node j ) (2.2)

• Forward Sweep

The third set of equations is used to calculate voltage at each bus. The voltage at each

bus gets updated in each iteration by considering branch current in present iteration.

It starts from the root node and proceeding in the forward direction towards the end

node. The root node (feeder bus) voltage is set as 1 p.u. During the forward sweep the

current in each branch is held constant at the value obtained in backward sweep. For

ijth branch, the voltage at bus j calculated using updated voltage at bus i and branch

current calculated in the backward sweep using Equation 2.3

V IT
j = V IT

i − ZijJ
IT
ij (2.3)

• Convergence Criterion

The voltages at each bus are calculated using forward sweep and maximum mismatch

voltage at each bus is obtained by comparing it with the voltage at the bus in previous

iteration. If the obtained maximum mismatch is less than the estimated mismatch

ε then termination of program occurred. Otherwise it will terminate after maximum
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number of iterations assigned.

ε ≥
∣∣V IT

i − V IT−1
i

∣∣ i = 1, 2, 3...n (2.4)

• Power loss calculation

Final branch current Jij obtained from backward/forward sweep method is used to

calculate active and reactive power losses as described in Eq. 2.5

PlossT =
n−1∑
ij=1

RijJ
2
ij (2.5a)

QlossT =
n−1∑
ij=1

XijJ
2
ij (2.5b)

2.3. Rearranging Line Data

Backward/forward sweep algorithm based radial load flow method has some limitations

in terms of line-data arrangement. Inappropriate line-data input results in wrong power

flow solutions. To arrange the line data, various approaches like branch renumbering,

bus renumbering and parentchild node [1][2][7] have been reported. But such techniques

work for the system with no topological change such as shunt capacitor bank and

distributed generator placement in radial distribution system. In order to solve problem

like network reconfiguration, an approach with some intelligent mechanism to arrange

the line data with different sectionalizer and tie line switch combination is required. Also

ensuring that all buses are connected to feeder bus and the radiality of the system must

be maintained.

Graph Search algorithm

Two commonly used search methods for checking the connectivity among all the nodes

or to obtain sequence of node connection are [12]:

Breadth First Search (BFS) It is a uniform search method that begins at the starting

node and explores all the adjacent nodes, then for each of those adjacent nodes it

explores their unexplored adjacent nodes, and continues until it finds all the connected

nodes. For example, in Fig. 2.2 , the traveled path using BFS method starts from source

node A will be A B C D E F G.

Depth First Search (DFS) It is a uniform search method that begins at the starting

node and explores one adjacent nodes at a time till it reach to its end. Then it returns

towards the starting node checking any unexplored connected node and explore the

lateral till the end. This continues until it explores all the laterals and finds all the

connected nodes. For example, in Fig. 2.2, the traveled path using DFS method starts

from source node A will be A B D G E C F.
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Figure 2.2: Graph for search algorithms .

For the current application in radial load flow solution, breadth first search method is

used to arrange line data is described in Algorithm 2.1

Algorithm 2.1 Line data rearrangement using BFS method

STEP 1: Load line data with N bus and B branches;

STEP 2: Store line data in LD array LD = [se re]

STEP 3: Generate an empty array ”NLD” to store rearranged line data.

STEP 4: Generate an array K to count branch connected to each bus.

STEP 5: Start Rearrangement

Search for feeder bus and move connected branches from LD to NLD

While all element of K 6= 0

Find last element ”m” of array NLD in LD

Move all the connected branches from LD to NLD

If m is in re column of LD then

Interchange se and re for that particular bus

End If

Reduce Count in array K according to the branch transfer to NLD

End While

STEP 6: Replace newly generated NLD with LD.

STEP 7: Stop.

2.4. Conclusion

Results of radial power flow solution for IEEE 33 and 69 bus radial distribution system

are evaluated and organized in Chapter 6. The method of radial power flow has been

utilized in Chapter 3, 4 and 5.
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• Flowchart of Radial Power Flow Solution

Figure 2.3: Flowchart of radial power flow solution.
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CHAPTER 3

NETWORK RECONFIGURATION

3.1. Introduction

Reconfiguration of distribution system aims to find the best system topology to minimize

power loss, fulfill energy demand and improve system performance. This is usually done

by opening and closing of switches. Switches are basically the circuit breakers that are

used in line are remotely controlled at substation.

The two type of switch used are:

Tie line switch: These are usually the close switches that allow the flow of power a

line under normal condition.

Sectionalizers: These are usually the open switches which operate only when diversion

of power is required.

In general, there are two approaches to solve the network reconfiguration problem

are:

1. Heuristic and meta heuristic method

2. Exact method

Heuristic and meta heuristic are the approximate methods used to find best possible so-

lution in a search space to optimize a problem. These methods are popular as they are

time efficient and suitable for solving complex problem with large number of variables. In

network reconfiguration, these methods are used for planning purposes to find the best

possible location of tie line and sectionalizer for minimizing network losses. During plan-

ning of system, it is assumed that the distribution system has large number of remotely

operated switches and therefore heuristic and meta heuristic methods are effectively ap-

plied. The radial distribution systems used in rural areas having isolated load, do not

always have large number of remotely control switches. Therefore for post planning anal-

ysis like contingency analysis and for the system having limited number of switches exact

method can also find its application.

Exact method is suitable for analysis of small networks as they are accurate and simple

involving minimum complexity.
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3.2. Problem Formulation

The aim of network reconfiguration is to determinate the best configuration of distribution

system for minimizing active power losses. This section describes the objective function

and constraints

3.2.1. Objective Function

The mathematical formulation of minimization problem is defined as Equation 3.1

F (x) = min(f) (3.1)

Subjected to

{
gi(x) ≤ 0, i = 1, 2, ...,m

hj(x) = 0 j = 1, 2, ..., p
(3.2)

The mathematical formulation of objective function for network reconfiguration is defined

in Equation 3.3

minimize f, f =
B∑

ij=1

PLoss(i, j) (3.3)

Where, active power loss of ijth branch can be formulated as

PLoss(i, j) = Rij

(
P 2
i +Q2

i

‖Vi‖2

)
(3.4)

3.2.2. Constraints

There are certain constraints which need to be satisfied in the optimal reconfiguration of

distribution network. These constraints with their mathematical formulation are listed

below:

Power Flow Constraint :

The real time power balance Equation is defined in Equation 3.5

Psub =
N∑
i=1

Pi +
B∑

ij=1

PLoss(i, j) (3.5a)

Qsub =
N∑
i=1

Qi +
B∑

ij=1

QLoss(i, j) (3.5b)

Voltage constraint :

The bus voltage magnitude should be maintained between +6% and −9% of the nomi-

nal voltage as per IS 12360:1988. But in this dissertation ±5% of the voltage deviation

from the nominal value is considered as strict limit and ±10% of the voltage deviation
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from the nominal value is considered as loose limit.

V min
i ≤ Vi ≤ V max

i (3.6)

Current constraint :

The current in each branch must be maintained below the maximum capacity of the

branch this can be described as in Equation 3.7

Jij ≤ Jmax
ij (3.7)

Radiality constraint :

The system must remain radial before and after the reconfiguration this can be insured

by satisfying the the conditions described below:

• No of sectionalizer closed = No of tie line switch open.

• Each bus must have at least one connected branch.

• There should be no loop in the network.

3.3. Assumptions

The assumption taken into the consideration for network reconfiguration are:

1. Location of tie line switches and sectionalizer are predefined in planning phase.

2. Switching cost is neglected.

3. ±5% Strict voltage limit and ±10% loose voltage limit is taken.

3.4. Solution Methodology

The methodology to obtain best network topology is described in following steps:

Step 1 Load line (LD1), sectionalizer (SD1) and bus (BD) data of the network having

N buses and B branches.

LD1 = [From Bus(fb) To Bus(tb) Resistance(R) Reactance(X) Status(0,1)]

SD1 = [From Bus(fb) To Bus(tb) Resistance(R) Reactance(X) Status(0,1)]

BD = [Bus No.(N) Bus Type Active Load(P) reactive Load(Q)]

Step 2 Identify n tie line switches and m sectionalizers

Tie = [s1 s2 s3....sn] & Sec = [s1 s2 s3....sm]

Where,

si =

{
1 if line is connected

0 if line is disconnected.
(3.8)

Step 3 Generate all possible switching sequence for sectionalizer (s status) and tie line

switches (Tie status).

Where,
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No. of rows of s status = max(ii) = 2n

No. of rows of tie status = max(jj) = 2m

Step 4 Set ii = 0 and jj = 0

Step 5 Increment ii by 1

Step 6 Increment jj by 1 and change the status of tie lines and sectionalizer according

to the selected switching configuration. Form a new line data matrix LD having the

line data of all the line with status 1.

Step 7 Form a connection matrix (C) from LD

Connection matrix stores the value of number of connection each bus have.

Step 8 Check Radiality of the network:

1. No. of Tie line switch open = No. of Sectionalizer close.

2. Element of connection matrix (C) should not be equal to zero

element(C) 6= 0 (3.9)

3. No loop in the network: To check number of loop in the network use depth first

search (DFS) method.

If any of the above condition gets violated then move to Step 6.

Step 9 Adjust the line data using breadth first search (BFS) method.

Step 10 Carry out the radial power flow analysis using backward/forward sweep algo-

rithm.

Step 11 Check for voltage and current constraints.

If any constraint gets violated then move to Step 6.

Step 12 Save power flow results and losses with switching sequence.

Step 13 Check ii = max(ii)

If not then move to Step 6.

Step 14 Check jj = max(jj)

If not then move to Step 5.

Step 15 Select the switching sequence associated with minimum active power loss.

Step 16 Stop.

3.5. Conclusion

Result of network reconfiguration for 33 and 69 bus radial distribution system is evalu-

ated and organized in Chapter 6. The concept of network reconfiguration is utilized in

contingency analysis of distribution system in chapter 5.



CHAPTER 4

DISTRIBUTED GENARATION ALLOCATION

4.1. Introduction

The increase in population has given rise to the industrial and technological advance-

ments, which has further increased the demand for power. This increase has further lead

to the depletion of conventional energy resources. In order to meet this increasing de-

mand, in addition to the conventional sources some alternative method is required like

DG. It can be defined as the small generator or source of power placed near the consumer

end, supplying power to the local areas. The position of such generators plays a signif-

icant role, i.e. the inappropriate location of these resources may lead to the increased

power losses and voltage instability in the system. Till now, various methods have been

proposed to find the proper location of the DG while minimizing the losses. But, in order

to achieve, these methods suffer the issues related to local optimality [25][26][27]. Thus,

In this work genetic algorithm based methodology have been proposed to allocate the

size and location of the DG.

4.1.1. Genetic Algorithm

Genetic algorithm (GA) can be defined as the population based search method which

mainly emphasizes the evolutionary ideas based on the principles of natural selection and

genetics [32]. The coding of the search data is done in the form of binary strings known

as chromosomes, which all together forms the population. The fitness of each chromo-

somes is calculated. The fittest chromosomes receive maximum opportunity to transfer

genetically coded information to successive generation. In this way, genetic algorithm si-

multaneously evaluate a number of solutions lying in the search space (also called state

space). Algorithm continuously reduces the search space, focusing in the area with best

performance. Genetic algorithm basically has three elements:

• Reproduction

Defined as the selection operator, reproduction is used to decide which chromosome of

the current population will participate to form the next generation, where the chro-

mosome with maximum fitness value has more chances of being selected and forming

the new generation.

• Crossover

In crossover operation, two selected parent chromosomes breed to generate one or more
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children which inherit some useful characteristic from both the parents. The crossover

site is selected randomly along the string length.

• Mutation

In order to maintain the population diversity, mutation is used to create new genetic

material in the population. It is performed by occasional random alteration of chro-

mosome variables.

Fitness function

Genetic algorithm is more suitable for solving maximization problem as it is based on

the principle of survival of the fittest. Therefore for solving the minimization problem the

fitness function F (x) can formulated in terms of objective function as

F (x) = F (x) =
1

1 + f(x)
(4.1)

To increase the convergence speed the fitness value of ith chromosome is normalized

between 0 and 1 range. For this the fitness function can be defined as in Equation 4.2

Fi(x) =
1

1 + k
(
fi(x)
fmin − 1

) (4.2)

Parameters of genetic algorithm

The performance and the efficiency of genetic algorithm is affected by the:

• Crossover probability

This parameter decides how often the crossover operation will be performed. In order

to create a new population which is superior to its prior population this operation is

performed. Crossover probability lies between 0 and 1 and it is used to control the

crossover rate. If the value of crossover probability is 0 % then it means that offspring

have inherited exact copy of chromosomes from their parents.

• Mutation probability

This parameter decides how often the place of chromosome gets altered. If the value

of mutation probability is 0 % then new population has no change in variables.

4.2. Problem Formulation

The main aim of Optimal generation allocation is to determine the optimal location and

size of DG for minimizing active power losses in a distribution network. This section

describes the the above defined objective function and its related constraints.
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4.2.1. Objective Function

The mathematical formulation of objective function for network reconfiguration is defined

in Equation 4.3

minimize f, f =
B∑

ij=1

PLoss(i, j) (4.3)

Where, active power loss of ijth branch can be formulated as

PLoss(i, j) = Rij

(
P 2
i +Q2

i

‖Vi‖2

)
(4.4)

4.2.2. Constraints

There are certain constraints which need to be satisfied in the optimal reconfiguration of

distribution network. These constraints with their mathematical formulation are listed

below:

Power Flow Constraint :

The real time power balance equation is defined in Equation 5.4

Psub =
N∑
i=1

Pi +
B∑

ij=1

PLoss(i, j)−
∑

PDGi (4.5a)

Qsub =
N∑
i=1

Qi +
B∑

ij=1

QLoss(i, j)−
∑

QDGi (4.5b)

Voltage Constraint :

The bus voltage magnitude should be maintained between +6% and −9% of the nomi-

nal voltage as per IS 12360:1988. But in this dissertation ±5% of the voltage deviation

from the nominal value is considered as strict limit and ±10% of the voltage deviation

from the nominal value is considered as loose limit.

V min
i ≤ Vi ≤ V max

i (4.6)

Current Constraint :

The current in each branch must be maintained below the maximum capacity of the

branch this can be described as

Jij ≤ Jmax
ij (4.7)

Location of DG :

All buses are eligible for the placement of DG except the bus connected to substation.
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Size of DG :

The size of DG must remain with in the limit as:

PDGmin
i ≤ PDGi ≤ PDGmax

i (4.8)

4.3. Assumptions

The assumption taken into the consideration for network reconfiguration are:

1. The distribution system is a balanced three phase system which can be represented by

equivalent single line diagram.

2. Load is modelled as constant power.

3. Power supplied by DG at unity power factor.

4. Distributed generation is considered as negative load

5. ±5 % strict voltage limit and ±10 % loose voltage limit is taken.

4.4. Solution Methodology

The main objective of using GA in distribution system is to obtain and economical

and reliable network with some favorable technical features such as minimum power

loss, improved node voltage profile, improved branch current to thermal limit ratio and

maximize power from DG. The methodology to obtain optimal location size of DG is

described in following steps:

Step 1 Read line data, bus data, maximum allowed generation (GEN), length of chro-

mosome (l), population size (L), crossover probability (pc) and mutation probability

(pm).

Step 2 Encode DG parameter (i.e. location & size) using binary coding.

chromosome = X1(L) X1(S) ... ... Xn(L) Xn(S)︸ ︷︷ ︸
Length = No. of DG * 2

(4.9)

Where,

Xi(L) =Location of ith DG.

Xi(S) =Size of ith DG.

Step 3 Initialize population with random values.

Step 4 Set Fmin = 0, Fmax = 1

Step 5 Set generation counter, k = 0

Step 6 Set population counter, j = 0 and increment k = k + 1

Step 7 Increment j = j + 1

Step 8 Decode binary string using Equation

yi =
l∑

i=1

2i−1bij (4.10)
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Step 9 Apply the decoded value of DG’s location and size to modify the bus data.

Step 10 Perform radial power flow analysis on modified network

Step 11 Evaluate fitness function using Equation 4.2

If (F j > Fmax) then set Fmax = F j and if (F j < Fmin) then set Fmin = F j

Step 12 If (j > L) then move to step 7 and repeat.

Step 13 Save chromosomes with maximum fitness value (Elitism) .

Step 14 Use roulette wheel method for the selection of parents for cross over.

Step 15 Apply single point crossover on parents selected in previous step.

Step 16 Apply mutation on randomly selected chromosomes.

Step 17 If (k < GEN) then move to step 6 and repeat.

Step 18 Save final variables as optimum location and size of DG

Step 19 Stop

4.5. Voltage Sensitivity Index

Voltage stability of the system can be defined as the ability of the system to remain in

the state of equilibrium under normal operating condition and also to bring the system

back to its initial state after being exposed to some disturbance. The voltage profile of the

system deteriorates if the power consumption of the system goes beyond a certain limit.

Due to the higher R/X ratio of distribution network as compared to transmission network,

there is a high probability of distribution system to be affected by any disturbance in the

system. Voltage sensitivity index has been used for the identification of system voltage

limits. The index quantifies the closeness of any particular point to the steady state

value of voltage stability margin [17][33]. In case of distribution network, value of both R

and X are taken into consideration for finding voltage sensitivity index. To operate the

system in stable region, the value of voltage sensitivity index should be greater than zero

considering each bus. In order to improve the voltage regulation, the optimal location and

size of DG plays a vital role. Thus, in this work the voltage sensitivity index has been

evaluated considering the system with and without distributed generation to analyze the

effect of DG on system voltage stability.

4.5.1. Algorithm for Voltage sensitivity Index

The following algorithm is referred from [33].

The current flowing in ijth branch as shown in Fig 4.1 can be expressed as in Equation

4.11

Jij =
|Vi∠δi − Vj∠δj|
Rij + jXij

(4.11)

P ′i − jQ′j = V ∗j × Jij (4.12)
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Figure 4.1: Schematic diagram of two bus system

Equating Equation 4.11 and 4.12

P ′i − jQ′j
V ∗j

=
|Vi∠δi − Vj∠δj|
Rij + jXij

(4.13)

Solving Equation 4.13

|Vj|4 −
(
|Vj|2 − 2× P ′jRij − 2×Q′jXij

)
|Vj|2 +

(
P

′2
j +Q

′2
j

) (
R2

ij +X2
ij

)
= 0 (4.14)

bij = |Vj|2 − 2× P ′jRij − 2×Q′jXij (4.15)

cij =
(
P

′2
j +Q

′2
j

) (
R2

ij +X2
ij

)
(4.16)

Solving Equation 4.16 , we get

|Vj| = 0.707

√
bij −

√
b2ij − 4cij (4.17)

For a feasible load flow solution Equation 4.18 must satisfy

b2ij − 4cij ≥ 0 (4.18)

|Vj|4 −
{
P ′jRij +Q′jXij

}2 − 4
{
P ′jRij +Q′jXij

}
|Vj|2 ≥ 0 (4.19)

V SI = |Vj|4 −
{
P ′jRij +Q′jXij

}2 − 4
{
P ′jRij +Q′jXij

}
|Vj|2 (4.20)

For the radial distribution system stable operation

V SI ≥ 0 (4.21)

4.6. Conclusion

Results of distributed generation allocation have been utilized in contingency analysis in

chapter 5. The complete set of results of this chapter have been organized in chapter 6.



CHAPTER 5

CONTINGENCY ANALYSIS

5.1. Introduction

Contingency analysis provide tools to analyse system behavior under the event of outage

in any system component. Radial distribution system suffer from a drawback as any

outage of equipment or line causes interruption of supply to all the user connected after it.

Therefore for radial distribution system contingency analysis provide information about

the loss of energy, loss of revenue, load curtailment and variation in system parameters

during the event of contingency [6][31]. It also provides information about the effect of

network reconfiguration and distributed generation on distribution system during the

event of contingency.

In this work, contingency analysis is used to analyze the behavior of two test distribution

networks and also to determine the best network topology for each contingency to main-

tain system parameters under the limit improve system reliability. This chapter includes

the concept of network reconfiguration and results of distributed generation discussed in

previous chapters.

5.2. Problem Formulation

The main objective of contingency analysis is to investigate the effect of (N-1) contingen-

cies in the distribution system under different scenarios and to identify the best switching

sequence to solve the contingencies. This section describes the objective function and con-

straints.

5.2.1. Objective Function

The objective is to minimize the loss of revenue (LR) due to contingency (con) can be

defined as in Equation.5.1

minimize LR, LR = ( α + β ) (5.1)

Where,

1. Network Cost (α)

α =
B∑

ij=1

RijJ
2
i × C loss (5.2)



26 CONTINGENCY ANALYSIS Chapter 5

2. Curtailment Cost (β)

β =
∑

P d curt × Cd curt (5.3)

5.2.2. Constraints

There are certain constraints which need to be satisfied in the optimal reconfiguration of

distribution network. These constraints with their mathematical formulation are listed

below:

Power Flow Constraint :

The real time power balance equation is defined in Equation 5.4

Psub =
N∑
i=1

Pi +
B∑

ij=1

PLoss(i, j)−
∑

PDGi (5.4a)

Qsub =
N∑
i=1

Qi +
B∑

ij=1

QLoss(i, j)−
∑

QDGi (5.4b)

Voltage Constraint :

The bus voltage magnitude should be maintained between +6% and −9% of the nomi-

nal voltage as per IS 12360:1988. But in this dissertation ±5% of the voltage deviation

from the nominal value is considered as strict limit and ±10% of the voltage deviation

from the nominal value is considered as loose limit.

V min
i ≤ Vi ≤ V max

i (5.5)

Current Constraint :

The current in each branch must be maintained below the maximum capacity of the

branch this can be described as

Jij ≤ Jmax
ij (5.6)

Radiality Constraint :

The system having contingency must remain radial after the reconfiguration which can

be insured by satisfying the the conditions described below:

• No. of sectionalizer closed = No. of tie line switch open + No. of Contingencies

• Each bus must have at least one connected branch.

• There should be no loop in the network.

5.3. Assumptions

1. The distribution system is a balanced three phase system which can be represented by

equivalent single line diagram

2. Load is modeled as constant power.

3. Tie line switch and sectionalizer locations are predefined in planning phase.
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4. Islanded radial operation of system is not considered.

5. Distributed generation is considered as negative load.

6. Location of tie line switches and sectionalizer are predefined in planning phase.

7. Switching cost is neglected.

8. ±5% strict voltage limit and ±10% loose voltage limit is taken.

5.4. Solution Methodology

The contingency analysis of radial distribution system has been classified in three different

cases utilizing the concept of network reconfiguration and results of distributed generation

are explained in previous chapters. The cases with solution methodology are described

below:

1. Contingencies at base network :

Step 1 Load the line and bus data

Step 2 Set contingency counter con = 0

Step 3 Increment con = con + 1

Step 4 Apply the contingency (con) and remove selected branch.

Step 5 Now calculate the total curtailed load of islanded part of the network.

Step 6 Apply radial power flow at remaining part of network and calculate total

active and reactive power loss.

Step 7 Calculate and store the loss of revenue for the respective contingency (con).

Step 8 Increment con by 1 and move to Step 4 until all contingencies are explored.

Step 8 Save the result obtained.

Step 9 Stop

2. Reconfiguration after contingency at base network :

Step 1 Load the line and bus data

Step 2 Set contingency counter, con = 0

Step 3 Increment con = con + 1

Step 4 Apply the contingency (con) and remove selected branch.

Step 5 Apply network reconfiguration and calculate total active and reactive power

loss.

Step 6 Calculate and store the loss of revenue for the respective contingency (con).

Step 7 Increment con by 1 and move to Step 4 until all contingencies are explored.

Step 8 Save the result obtained.

Step 9 Stop
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3. Reconfiguration after contingency at network with DG :

Step 1 Load the line and bus data

Step 2 Include DG’s of optimal size at optimal location in the network.

Step 3 Set contingency counter con = 0

Step 4 Increment con = con+ 1

Step 5 Apply the contingency (con) and remove selected branch.

Step 6 Apply network reconfiguration and calculate total active and reactive power

loss.

Step 7 Calculate and store the loss of revenue for the respective contingency (con).

Step 8 Increment con by 1 and move to Step 5 until all contingencies are explored.

Step 9 Save the result obtained.

Step 10 Stop



CHAPTER 6

RESULTS AND DISCUSSION

This chapter contains the results of radial power flow, network reconfiguration, distributed

generation and contingency analysis of distribution network discussed in last four chap-

ters. The test systems taken for the analysis are

1. IEEE 33 Bus Distribution System

2. IEEE 69 Bus Distribution System

The line and bus data specifications of the test systems are given in Appendix A.1 and

A.2 respectively.

6.1. Power Flow Analysis

6.1.1. IEEE 33 Bus Distribution System

The first test system is taken as IEEE 33 bus distribution system shown in Fig. 6.7.

The test system has 33 buses and 32 branches with one main feeder and three lateral

distributers. This test system has base voltage of 12.66 kV with 100 MVA as base MVA.

Bus 1 is take as slack bus with constant voltage of 1 p.u. Total active and reactive load

connected to the distribution network is 3715 kW and 3200 kVAr respectively.

Figure 6.1: IEEE 33 bus distribution system
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Voltage magnitude and angle of each bus has been shown in Table. 6.1 and Fig.6.2 where

as active and reactive power loss with X/R ratio at each branch has been shown in Table.

6.2.

Table 6.1: Voltage magnitude and angle for IEEE 33 bus system

Bus Voltage Voltage Bus Voltage Voltage

No. Magnitude (p.u) Angle (p.u) No. Magnitude (p.u) Angle (p.u)

1 1 0 18 0.903841 -0.01217

2 0.997027 0.000252 19 0.996499 6.29E-05

3 0.982904 0.001671 20 0.992921 -0.00111

4 0.975401 0.002813 21 0.992216 -0.00144

5 0.967982 0.003973 22 0.991579 -0.0018

6 0.949528 0.002302 23 0.979318 0.001131

7 0.946004 -0.00174 24 0.972647 -0.00042

8 0.932349 -0.00442 25 0.969321 -0.00118

9 0.926016 -0.00572 26 0.947602 0.002984

10 0.92016 -0.00684 27 0.945043 0.003954

11 0.919291 -0.00671 28 0.933602 0.005402

12 0.917776 -0.00651 29 0.925382 0.006762

13 0.911601 -0.00813 30 0.921824 0.0086

14 0.909311 -0.00953 31 0.917663 0.007126

15 0.907884 -0.01021 32 0.916747 0.006724

16 0.906502 -0.01062 33 0.916463 0.006589

17 0.904454 -0.012

Figure 6.2: Bus voltage magnitude of IEEE 33 bus system
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Table 6.2: Active and reactive power losses of IEEE 33 Bus system

Sending Receiving Active Power Reactive Power X/R

End Bus End Bus Loss (kW) Loss (kVAr) Ratio

1 2 12.28405 6.261932 0.509761

2 3 51.99799 26.48417 0.509331

3 4 20.00894 10.19035 0.50929

4 5 18.80607 9.578216 0.509315

5 6 38.47281 33.21157 0.863248

6 7 1.945919 6.432343 3.305556

7 8 11.87164 8.567644 0.72169

8 9 4.265066 3.064222 0.718447

9 10 3.619193 2.575195 0.711538

10 11 0.564953 0.186785 0.330621

11 12 0.899074 0.29729 0.330662

12 13 2.720666 2.140579 0.786785

13 14 0.744069 0.979407 1.316285

14 15 0.364291 0.324225 0.890017

15 16 0.287245 0.209766 0.730269

16 17 0.256808 0.342875 1.335144

17 18 0.054229 0.042524 0.784153

2 19 0.160956 0.153595 0.954268

19 20 0.832186 0.749863 0.901077

20 21 0.100759 0.117712 1.168254

21 22 0.043635 0.057694 1.322189

3 23 3.181856 2.174127 0.683289

23 24 5.144042 4.06196 0.789644

24 25 1.287544 1.007475 0.782478

6 26 2.587875 1.318159 0.50936

26 27 3.311176 1.68588 0.509148

27 28 11.30394 9.966471 0.881681

28 29 7.835493 6.826096 0.871176

29 30 3.896736 1.98484 0.50936

30 31 1.594077 1.575427 0.9883

31 32 0.213254 0.248556 1.165539

32 33 0.013172 0.020481 1.554839

Table 6.3 shows the total active and reactive power losses of the system. The active and

reactive power losses are 5.61% and 6.21% of their total loads.

Table 6.3: Total active and reactive power losses of IEEE 33 bus system

Total Active Power Total Reactive Power Minimum Minimum

Loss kW Loss kVAr Voltage (p.u) Voltage Bus

210.6697 142.8374 0.903841 18



32 RESULTS AND DISCUSSION Chapter 6

6.1.2. IEEE 69 Bus Distribution System

The second test system is taken as IEEE 33 bus distribution system shown in Fig. 6.3.

The test system has 69 buses and 68 branches with one main feeder and seven lateral

distributers. This test system has base voltage of 12.66 kV with 100 MVA as base MVA.

Bus 1 is taken as slack bus with constant voltage of 1 p.u. Total active and reactive load

connected to the distribution network are 3802.2 kW and 2694.6 kVAr respectively.

Figure 6.3: IEEE 69 bus distribution system

Voltage magnitude and angle of each bus is shown in Table. 6.4 and Fig. 6.4 where as

active and reactive power loss with X/R ratio at each branch is given in Table. 6.5.

Table 6.4: Voltage magnitude and angle for IEEE 69 bus system

Bus Voltage Voltage Bus Voltage Voltage

No. Magnitude (p.u) Angle (p.u) No. Magnitude (p.u) Angle (p.u)

1 1 0 36 0.999919 -5.18E-05

2 0.999966 -2.14E-05 37 0.999747 -0.00016

3 0.999933 -4.29E-05 38 0.999589 -0.00021

4 0.999839 -0.0001 39 0.999543 -0.00022

5 0.99902 -0.00032 40 0.999541 -0.00022

6 0.990086 0.000861 41 0.998843 -0.00041

7 0.980793 0.002115 42 0.998551 -0.00049

8 0.978577 0.002415 43 0.998512 -0.0005

9 0.977443 0.002569 44 0.998504 -0.0005

10 0.972445 0.00405 45 0.998406 -0.00054
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11 0.971344 0.004378 46 0.998405 -0.00054

12 0.968184 0.005301 47 0.999789 -0.00013

13 0.96526 0.006113 48 0.998543 -0.00092

14 0.962363 0.00692 49 0.994699 -0.00334

15 0.959495 0.007723 50 0.994154 -0.00369

16 0.958962 0.007873 51 0.978541 0.002421

16 0.958962 0.007873 51 0.978541 0.002421

17 0.958082 0.00812 52 0.978532 0.002424

18 0.958073 0.008122 53 0.974657 0.002952

19 0.957609 8.27E-03 54 0.971414 0.003399

20 0.957311 0.008368 55 0.966941 0.00402

21 0.956829 0.008523 56 0.962572 0.00463

22 0.956822 0.008525 57 0.940098 0.011552

23 0.95675 0.008549 58 0.929038 0.015087

24 0.956594 0.008599 59 0.924761 0.0165

25 0.956425 0.008654 60 0.919736 0.018324

26 0.956355 0.008677 61 0.912339 0.019529

27 0.956336 0.008683 62 0.91205 0.019577

28 0.999926 -4.72E-05 63 0.911662 0.01964

29 0.999854 -9.26E-05 64 0.909762 0.019952

30 0.999733 -5.55E-05 65 0.909187 0.020046

31 0.999712 -4.90E-05 66 0.971287 0.004398

32 0.999605 -1.62E-05 67 0.971286 0.004399

33 0.999349 6.10E-05 68 0.967854 0.005407

34 0.999013 0.000163 69 0.967852 0.005407

35 0.998946 0.000182

Figure 6.4: Bus voltage magnitude of IEEE 69 bus system
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Table 6.5: Active and reactive power losses of IEEE 69 Bus system

Sending Receiving Active Power Reactive Power X/R

End Bus End Bus Loss (kW) Loss (kVAr) Ratio

1 2 0.074987 0.179969 2.4

2 3 0.074987 0.179969 2.4

3 4 0.194959 0.467902 2.4

4 5 1.9367 2.268485 1.171315

5 6 28.24033 14.38251 0.50929

6 7 29.34822 14.94749 0.509315

7 8 6.894512 3.514556 0.509761

8 9 3.37501 1.718311 0.509128

9 10 4.775771 1.578512 0.330525

10 11 1.014439 0.335437 0.330662

11 12 2.19108 0.724097 0.330475

12 13 1.285918 0.424478 0.330097

13 14 1.245457 0.411573 0.33046

14 15 1.204605 0.398044 0.330435

15 16 0.223843 0.074007 0.330621

16 17 0.320401 0.105944 0.330662

17 18 0.002604 0.000886 0.340426

18 19 0.104121 0.034421 0.330586

19 20 0.066935 0.02193 0.327635

20 21 0.107405 0.035498 0.330504

21 22 0.000536 0.000176 0.328571

22 23 0.005139 0.001699 0.33061

23 24 0.011185 0.003698 0.330638

24 25 0.006048 0.001999 0.330529

25 26 0.002495 0.000825 0.330528

26 27 0.00035 0.000116 0.330254

3 28 0.000347 0.000851 2.454545

28 29 0.002583 0.006317 2.445313

29 30 0.005829 0.001927 0.330568

30 31 0.001029 0.00034 0.330484

31 32 0.005143 0.0017 0.330484

32 33 0.012293 0.004126 0.335638

33 34 0.010403 0.003439 0.330562

34 35 0.000479 0.000158 0.330597

3 36 0.001405 0.003449 2.454545

36 37 0.015073 0.036859 2.445313

37 38 0.017316 0.020227 1.168091

38 39 0.004999 0.005838 1.167763

39 40 0.000198 0.000232 1.166667

40 41 0.048683 0.056878 1.168337
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41 42 0.020104 0.023495 1.16871

42 43 0.002659 0.0031 1.165854

43 44 0.000513 0.000647 1.26087

44 45 0.006076 0.00766 1.26079

45 46 1.26E-05 1.67E-05 1.333333

4 47 0.023285 0.057528 2.470588

47 48 0.582814 1.426558 2.447709

48 49 1.633507 3.996962 2.44686

49 50 0.115897 0.283539 2.446472

8 51 0.001757 0.000896 0.509698

51 52 4.38E-05 1.47E-05 0.335643

9 53 5.781261 2.943792 0.509195

53 54 6.71145 3.418542 0.50936

54 55 9.124723 4.645839 0.509148

55 56 8.79013 4.477873 0.509421

56 57 49.6847 16.67719 0.33566

57 58 24.48925 8.218288 0.335588

58 59 9.505715 3.143573 0.330703

59 60 10.67103 3.239173 0.303548

60 61 14.02628 7.144422 0.50936

61 62 0.112053 0.057062 0.50924

62 63 0.134932 0.068676 0.508966

63 64 0.661168 0.336772 0.50936

64 65 0.041212 0.02099 0.509318

11 66 0.002624 0.000797 0.303678

66 67 1.53E-05 4.56E-06 0.297872

12 68 0.023324 0.00771 0.330538

68 69 3.71E-05 1.26E-05 0.340426

Table. 6.6 shows the total active and reactive power losses of the system. The active and

reactive power losses are 5.91% and 3.79% of their total loads.

Table 6.6: Total Active and reactive power losses of IEEE 69 Bus system

Total Active Power Total Reactive Power Minimum Minimum

Loss kW Loss kVAr Voltage (p.u)) Voltage Bus

224.9804 102.156 0.909187 65
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6.2. Network Reconfiguration

6.2.1. Reconfiguration of IEEE 33 Bus Distribution System

The network reconfiguration method explained in Chapter 3 for minimizing the active

power loss is applied on IEEE 33 bus system. All buses except bus 1 are considered as

load bus.

The location of network switches are assumed to be known as:

Tie line switches : [7-8, 9-10, 10-11, 14-15, 32-33]

Sectionalizer : [8-21, 9-15, 12-22, 18-33, 25-29]

The ’ON’ and ’OFF’ switches are denoted by ’1’ and ’0’ respectively. The maximum

current capacity for line 1 to 9 and remaining lines are taken as 400 A and 200 A respec-

tively. The active power loss and minimum voltage for all possible radial configurations

are shown in Table 6.7.

Table 6.7: Reconfiguration of IEEE 33 bus system

Serial Sectionalizer Tie line Active Min. Voltage Min. Voltage

No. Position position Loss (kW) (p.u) Bus

1 0 0 0 0 0 1 1 1 1 1 210.6697 0.903841 18

2 1 0 0 0 0 0 1 1 1 1 158.1456 0.929875 18

3 0 1 0 0 0 1 0 1 1 1 210.1827 0.907272 10

4 0 1 0 0 0 1 1 0 1 1 208.0439 0.910189 11

5 0 1 0 0 0 1 1 1 0 1 204.1685 0.916594 33

6 1 1 0 0 0 0 0 1 1 1 157.6484 0.933202 10

7 1 1 0 0 0 0 1 0 1 1 155.7687 0.933633 33

8 1 1 0 0 0 0 1 1 0 1 152.3839 0.933637 33

9 0 0 1 0 0 0 1 1 1 1 156.296 0.933632 33

10 0 0 1 0 0 1 0 1 1 1 154.3605 0.928784 33

11 0 0 1 0 0 1 1 0 1 1 155.806 0.92772 33

12 1 0 1 0 0 0 0 1 1 1 145.9309 0.933642 33

13 1 0 1 0 0 0 1 0 1 1 144.8775 0.933643 33

14 0 1 1 0 0 0 0 1 1 1 163.3008 0.926747 8

15 0 1 1 0 0 0 1 0 1 1 165.9825 0.924072 8

16 0 1 1 0 0 0 1 1 0 1 157.5338 0.933631 33

17 0 1 1 0 0 1 0 1 0 1 164.0552 0.923902 33

18 0 1 1 0 0 1 1 0 0 1 168.3126 0.922805 33

19 1 1 1 0 0 0 0 1 0 1 141.9347 0.933646 33

20 1 1 1 0 0 0 1 0 0 1 142.4475 0.933645 33

21 0 0 0 1 0 0 1 1 1 1 324.2966 0.823541 8

22 0 0 0 1 0 1 0 1 1 1 257.5537 0.862657 10
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23 0 0 0 1 0 1 1 0 1 1 247.4249 0.869439 11

24 0 0 0 1 0 1 1 1 0 1 212.8038 0.901121 15

25 0 0 0 1 0 1 1 1 1 0 213.4132 0.896619 33

26 1 0 0 1 0 0 0 1 1 1 234.9188 0.868022 10

27 1 0 0 1 0 0 1 0 1 1 220.8918 0.875902 11

28 1 0 0 1 0 0 1 1 0 1 168.934 0.913448 15

29 1 0 0 1 0 0 1 1 1 0 159.1703 0.921257 33

30 0 1 0 1 0 0 0 1 1 1 316.5006 0.836881 8

31 0 1 0 1 0 0 1 0 1 1 316.6421 0.835658 8

32 0 1 0 1 0 0 1 1 0 1 328.5398 0.820241 14

33 0 1 0 1 0 1 0 1 1 0 211.7497 0.903746 33

34 0 1 0 1 0 1 1 0 1 0 209.4138 0.905012 33

35 0 1 0 1 0 1 1 1 0 0 204.5678 0.911778 33

36 1 1 0 1 0 0 0 1 1 0 157.6171 0.928184 33

37 1 1 0 1 0 0 1 0 1 0 155.5513 0.929419 33

38 1 1 0 1 0 0 1 1 0 0 151.2869 0.936014 33

39 0 0 1 1 0 0 1 1 0 1 170.4868 0.913446 15

40 0 0 1 1 0 1 0 1 0 1 177.9435 0.908444 15

41 0 0 1 1 0 1 1 0 0 1 181.4069 0.907345 15

42 0 0 1 1 0 0 1 1 1 0 155.9459 0.929362 33

43 0 0 1 1 0 1 0 1 1 0 151.5217 0.933045 32

44 0 0 1 1 0 1 1 0 1 0 152.4488 0.931988 32

45 1 0 1 1 0 0 0 1 0 1 163.8232 0.913452 15

46 1 0 1 1 0 0 1 0 0 1 163.5319 0.913453 15

47 1 0 1 1 0 0 0 1 1 0 144.5469 0.93699 33

48 1 0 1 1 0 0 1 0 1 0 143.2874 0.937872 32

49 0 1 1 1 0 0 0 1 0 1 212.3493 0.879069 8

50 0 1 1 1 0 0 1 0 0 1 225.3961 0.871828 8

51 0 1 1 1 0 0 0 1 1 0 164 0.921356 8

52 0 1 1 1 0 0 1 0 1 0 166.9358 0.918647 8

53 0 1 1 1 0 0 1 1 0 0 157.7167 0.926074 33

54 0 1 1 1 0 1 0 1 0 0 162.9178 0.926884 32

55 0 1 1 1 0 1 1 0 0 0 167.3938 0.925786 32

56 1 1 1 1 0 0 0 1 0 0 139.3297 0.937876 32

57 1 1 1 1 0 0 1 0 0 0 140.0572 0.937875 32

The best switching configuration for minimum active power loss is:

Sectionalizer : [ 1 1 1 1 0 ]

Tie line switches : [ 0 0 1 0 0 ]

The effect of network reconfiguration is summarized in the Table 6.8 and in Fig. 6.7

shown below:
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Table 6.8: Effect of reconfiguration on IEEE 33 bus system

Without With

Reconfiguration Reconfiguration

Active power loss (kW) 210.6697 139.3297

Reactive power loss (kVAr) 142.8374 102.1702

Min Voltage (p.u) 0.9038 0.9379

Minimum Voltage Bus 18 32

Max. Branch Current (1-9) (A) 365.0104 358.5287

Max. Branch Current (Remaining) (A) 112.9077 117.3898

Figure 6.5: Reconfigured IEEE 33 bus distribution system

Figure 6.6: Bus voltage magnitude of IEEE 33 bus system with reconfiguration



Section 6.2 Network Reconfiguration 39

6.2.2. Reconfiguration of IEEE 69 Bus Distribution System

The network reconfiguration method described in Chapter 3 for the minimizing active

power loss is applied on IEEE 69 bus system. All buses except bus 1 are considered as

load bus.

The location of network switches are assumed to be known as:

Tie line switches : [7-8, 19-20, 30-31, 40-41, 55-56]

Sectionalizer : [11-43, 13-21, 15-46, 27-65, 50-59]

The ’ON’ and ’OFF’ switches are denoted by ’1’ and ’0’ respectively. The maximum

current capacity for line 1 to 9 and remaining lines are taken as 400 A and 300 A respec-

tively. The active power loss and minimum voltage for all possible radial configurations

are shown in Table 6.9.

Table 6.9: Reconfiguration of IEEE 69 bus system

Serial Sectionalizer Tie line Active Min. Voltage Min. Voltage

No. Position position Loss (kW) (p.u) Bus

1 0 0 0 0 0 1 1 1 1 1 224.9804 0.909187 65

2 1 0 0 0 0 0 1 1 1 1 578.7133 0.78383 65

3 1 0 0 0 0 1 1 1 0 1 231.1278 0.908421 65

4 0 1 0 0 0 1 0 1 1 1 222.8638 0.909201 65

5 1 1 0 0 0 0 0 1 1 1 575.7071 0.783921 65

6 1 1 0 0 0 1 0 1 0 1 228.9995 0.908435 65

7 0 0 1 0 0 0 1 1 1 1 1272.135 0.631204 65

8 0 0 1 0 0 1 1 1 0 1 234.154 0.908399 65

9 0 1 1 0 0 0 0 1 1 1 1341.766 0.622138 65

10 0 1 1 0 0 1 0 1 0 1 231.3054 0.908418 65

11 0 0 0 1 0 1 0 1 1 1 256.3845 0.894733 20

12 0 0 0 1 0 1 1 1 1 0 669.3488 0.77162 56

13 1 0 0 1 0 0 0 1 1 1 654.6522 0.761759 20

14 1 0 0 1 0 1 0 1 0 1 262.3033 0.893954 20

15 1 0 0 1 0 0 1 1 1 0 1118.34 0.652879 56

16 1 0 0 1 0 1 1 1 0 0 682.7355 0.769663 56

17 0 1 0 1 0 1 0 1 1 0 533.5391 0.797017 56

18 1 1 0 1 0 0 0 1 1 0 884.3722 0.690316 56

19 1 1 0 1 0 1 0 1 0 0 545.7614 0.795169 56

20 0 0 1 1 0 0 0 1 1 1 1750.114 0.558133 20

21 0 0 1 1 0 1 0 1 0 1 264.0222 0.893941 20

22 0 0 1 1 0 0 1 1 1 0 621.0268 0.772914 56
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23 0 0 1 1 0 1 1 1 0 0 709.3466 0.765399 56

24 0 1 1 1 0 0 0 1 1 0 1113.158 0.649917 56

25 0 1 1 1 0 1 0 1 0 0 557.2222 0.793412 56

26 0 0 0 0 1 0 1 1 1 1 167.4584 0.904392 27

27 0 0 0 0 1 1 1 1 1 0 85.23097 0.956283 65

28 1 0 0 0 1 0 1 1 0 1 182.3774 0.899403 27

29 1 0 0 0 1 0 1 1 1 0 105.2639 0.946646 27

30 1 0 0 0 1 1 1 1 0 0 88.20504 0.956281 65

31 0 1 0 0 1 0 0 1 1 1 164.9286 0.909304 27

32 0 1 0 0 1 1 0 1 1 0 83.23261 0.956283 65

33 1 1 0 0 1 0 0 1 0 1 179.7957 0.904345 27

34 1 1 0 0 1 0 0 1 1 0 103.1046 0.951294 27

35 1 1 0 0 1 1 0 1 0 0 86.19611 0.956281 65

36 0 0 1 0 1 0 1 1 0 1 186.084 0.896396 27

37 0 0 1 0 1 0 1 1 1 0 115.3211 0.939605 55

38 0 0 1 0 1 1 1 1 0 0 91.05199 0.956281 65

39 0 1 1 0 1 0 0 1 0 1 182.6138 0.901138 41

40 0 1 1 0 1 0 0 1 1 0 121.3336 0.936314 55

41 0 1 1 0 1 1 0 1 0 0 88.36627 0.956281 65

42 0 0 0 1 1 0 0 1 1 1 153.7287 0.9205 18

43 0 0 0 1 1 0 1 1 1 0 244.4769 0.86178 55

44 0 0 0 1 1 1 0 1 1 0 90.96237 0.946134 20

45 1 0 0 1 1 0 0 1 0 1 166.6107 0.915658 18

46 1 0 0 1 1 0 0 1 1 0 104.6891 0.946155 20

47 1 0 0 1 1 0 1 1 0 0 276.2421 0.850899 46

48 1 0 0 1 1 1 0 1 0 0 93.32992 0.946132 20

49 0 1 0 1 1 0 0 1 1 0 240.7897 0.863681 55

50 1 1 0 1 1 0 0 1 0 0 270.3615 0.853537 46

51 0 0 1 1 1 0 0 1 0 1 168.6478 0.911449 41

52 0 0 1 1 1 0 0 1 1 0 118.3283 0.946154 20

53 0 0 1 1 1 0 1 1 0 0 269.4873 0.854386 55

54 0 0 1 1 1 1 0 1 0 0 94.93659 0.946131 20

55 0 1 1 1 1 0 0 1 0 0 268.7292 0.855049 55

The best switching configuration for minimum active power loss is:

Sectionalizer : [ 0 1 0 0 1 ]

Tie Line switches : [ 1 0 1 1 0 ]

The effect of network reconfiguration is summarized in the Table 6.10 shown below:
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Table 6.10: Effect of reconfiguration on IEEE 69 bus system

Without With

Reconfiguration Reconfiguration

Active power loss (kW) 224.9804 83.2326

Reactive power loss (kVAr) 102.1560 97.9328

Min Voltage (p.u) 0.9092 0.9563

Minimum Voltage Bus 65 65

Max. Branch Current (1-9) (A) 387.2650 377.9281

Max. Branch Current (Remaining) (A) 182.2790 251.8644

Figure 6.7: Reconfigured 69 bus distribution system

Figure 6.8: Bus voltage magnitude of 69 bus system with reconfiguration
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6.3. Distributed Generation Allocation

Location and size of DG are determined using genetic algorithm. The GA parameters are

set as followed.

• Selection: Roulette wheel

• Crossover probability, c = 0.8,

• Mutation probability, m = 0.005,

• Population = 20,

• Maximum Generation = 150

• Number of DG unit = 1 and 2

• DG size = 0.01MW < PDGi < 2.5MW

6.3.1. Generation Allocation of IEEE 33 Bus Distribution System

The effect of one and two DGs in the network are shown and compared in Table 6.11.

The variation in voltage sensitivity index and bus voltage magnitude are shown in Fig.

6.9 and 6.10 respectively.

Table 6.11: Distributed generation allocation on IEEE 33 bus 3system

Without With With

DG One DG Two DGs

DG Location – 6 13,30

DG Size (kW) – 2589.9 851.58, 1157.5

Active power loss (kW) 210.6697 110.74 86.88

Reactive power loss (kVAr) 142.8374 81.51 59.60

Min Voltage (p.u) 0.9038 0.9424 0.9686

Min. Voltage Bus 18 18 33

Min. VSI 0.6698 0.79156 0.8816

Min. VSI Bus 18 18 33
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Figure 6.9: Voltage sensitivity index of IEEE 33 bus system with DGs

Figure 6.10: Bus voltage magnitude of IEEE 33 bus system with DGs

6.3.2. Generation Allocation of IEEE 69 Bus Distribution System

The effect one and two DGs in the network are shown and compared in Table 6.12 The

variation in voltage sensitivity index and bus voltage magnitude are shown in Fig. 6.11

6.12 respectively.
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Table 6.12: Distributed generation allocation on IEEE 69 bus system

Without With With

DG One DG Two DGs

DG Location – 61 17,61

DG Size (kW) – 1872.7 531.18,1781.5

Active power loss (kW) 224.9804 83.21 71.677

Reactive power loss (kVAr) 102.1560 40.531 35.942

Min Voltage (p.u) 0.9038 0.9683 0.97893

Min. Voltage Bus 65 27 65

Min. VSI 0.68354 0.87954 0.91861

Min. VSI Bus 65 27 65

Figure 6.11: Voltage sensitivity index of IEEE 69 bus system with DGs
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Figure 6.12: Bus voltage magnitude of IEEE 69 bus system with DGs

6.4. Contingency Analysis

In this section contingency analysis on radial distribution system is performed and the

effect of network reconfiguration and distributed generation is analysed. For this analysis

the cost of active power loss (C loss) is taken S 5 $/MW and cost of demand curtailment

Cdcurt is taken as 250 $/MW. The complete analysis has been divided in 3 different

cases. The results of all the cases with discussion for both the test systems are described

below.

6.4.1. IEEE 33 Bus Distribution System

Case 1: Contingency at base system

In this case contingency is applied to base network and revenue loss is calculated shown

in the Table 6.13. At first, load curtailment for each contingency is calculated and the

network losses and minimum bus voltage are calculated for the remaining network.

Table 6.13: Contingency analysis of base IEEE 33 bus system

Branch Active Reactive Min. Voltage Min. Voltage Load Revenue

Cont. Loss (kW) Loss (kW) (p.u) Bus Curt. (kW) Loss $

0 210.6697 142.84 0.903841138 18 0 1.053349

1 0 0 1 1 3715 928.75

2 1.282011 1.1499 0.99423643 22 3255 813.7564

3 16.15627 11.016 0.981549284 25 2235 558.8308

4 17.59031 11.75 0.980947701 25 2115 528.838

5 18.35998 12.143 0.980665514 25 2055 513.8418
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6 92.87927 61.555 0.938254552 33 1075 269.2144

7 105.6635 69.602 0.9343466 33 875 219.2783

8 120.8733 79.594 0.930386794 33 675 169.3544

9 125.6097 82.781 0.929283368 33 615 154.378

10 130.6964 86.235 0.928172678 33 555 139.4035

11 135.5394 89.54 0.927185751 33 510 128.1777

12 142.1983 94.11 0.925909906 33 450 113.211

13 149.449 99.114 0.924621879 33 390 98.24724

14 166.784 111.22 0.921898579 33 270 68.33392

15 174.3725 116.61 0.920824443 33 210 53.37186

16 183.3951 123.04 0.919632126 33 150 38.41698

17 193.2303 130.12 0.914614341 17 90 23.46615

18 207.4096 140.66 0.904126057 18 360 91.03705

19 207.9311 140.93 0.904055105 18 270 68.53966

20 208.5766 141.31 0.903984036 18 180 46.04288

21 209.4653 141.92 0.903912739 18 90 23.54733

22 171.116 120.01 0.908668634 18 930 233.3556

23 173.725 121.37 0.908195167 18 840 210.8686

24 188.5937 129.61 0.906038054 18 420 105.943

25 84.00684 59.33 0.927845205 18 920 230.42

26 87.39644 61.419 0.926712331 18 860 215.437

27 90.81998 63.53 0.92562416 18 800 200.4541

28 94.42988 65.764 0.924532213 18 740 185.4721

29 103.2743 71.317 0.922042364 18 620 155.5164

30 148.9951 101.31 0.912887281 18 420 105.745

31 167.728 113.71 0.909770902 18 270 68.33864

32 199.2793 135.02 0.905277641 18 60 15.9964

Case 2: Reconfiguration after contingency at base network

In this case network is reconfigured after the contingency and the best position of sec-

tionalizer and tie line switches for each contingency is determined and tabulated in Table

6.14 with respective active power losses revenue losses. It is assumed that islanding op-

eration of the network is not allowed, therefore contingency between bus 1 and 2 is not

considered.
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Table 6.14: Reconfiguration of IEEE 33 bus system after contingency

Con. Sectionalizer Tie line Active Min. Voltage Min.Voltage Revenue

No. Position position Loss (kW) (p.u) Bus Loss $

2 1 0 1 1 0 1 0 1 1 0 883.1765 0.729342 25 4.42

3 1 1 1 1 1 0 0 1 0 0 201.1425 0.917144 4 1.01

4 1 1 1 1 1 0 0 1 0 0 183.56 0.925206 7 0.92

5 1 1 1 1 1 0 0 1 0 0 176.3296 0.928262 7 0.88

6 1 1 1 1 0 1 0 1 0 0 143.0037 0.938778 33 0.72

7 1 1 1 1 0 1 0 1 0 0 139.3297 0.937876 32 0.7

8 1 1 1 1 0 0 1 1 0 0 145.9624 0.935063 33 0.73

9 1 1 1 1 0 0 1 1 0 0 139.3297 0.937876 32 0.7

10 1 1 1 1 0 0 1 1 0 0 140.0572 0.937875 32 0.7

11 1 1 1 1 0 0 1 1 0 0 140.9821 0.937874 32 0.7

12 1 1 1 1 0 0 0 1 1 0 145.7943 0.937132 33 0.73

13 1 1 1 1 0 0 0 1 1 0 142.8708 0.937873 32 0.71

14 1 1 1 1 0 0 0 1 1 0 139.3297 0.937876 32 0.7

15 1 1 1 1 0 0 1 0 0 1 157.5749 0.918303 16 0.79

16 1 1 1 1 0 0 0 1 0 1 151.934 0.923327 17 0.76

17 1 1 1 1 0 0 0 1 0 1 147.3027 0.927543 18 0.74

18 1 1 0 0 0 1 1 1 0 1 259.947 0.90312 18 1.3

19 1 1 0 0 0 1 1 1 0 1 243.8665 0.906781 18 1.22

20 1 1 0 0 0 1 1 1 0 1 229.2695 0.910383 18 1.15

21 1 1 1 1 0 0 1 1 0 0 157.0458 0.933202 33 0.79

22 1 1 1 1 1 0 0 1 0 0 251.1906 0.898665 23 1.26

23 1 1 1 1 1 0 0 1 0 0 233.9222 0.904707 24 1.17

24 1 1 1 1 1 0 0 1 0 0 173.9401 0.921876 32 0.87

25 1 1 1 1 1 0 0 1 0 0 151.3171 0.936818 32 0.76

26 1 1 1 1 1 0 0 1 0 0 146.9353 0.938374 32 0.73

27 1 1 1 1 1 0 0 1 0 0 143.2059 0.93984 32 0.72

28 1 1 1 1 1 0 0 1 0 0 139.884 0.941297 32 0.7

29 1 1 1 1 0 0 0 1 0 1 257.505 0.828439 30 1.29

30 1 1 1 1 0 0 0 1 0 1 154.7863 0.906123 31 0.77

31 1 1 1 1 0 0 0 1 0 1 142.4049 0.923944 32 0.71

32 1 1 1 1 0 0 0 1 0 1 139.3297 0.937876 32 0.7
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Case 3: Reconfiguration after contingency at network with Distributed Gen-

eration

In this case network having 2 DGs of size 851.58 kW and 1157.5 kW located at bus 13,and

30 respectively, is reconfigured after the contingency and the best position of sectionalizer

and tie line switches for each contingency is identified and tabulated in Table 6.15 with

respective active power losses revenue losses.

Table 6.15: Reconfiguration of IEEE 33 bus system after contingency

Con. Sectionalizer Tie line Active Min. Voltage Min. Voltage Revenue

No. Position Position Loss (kW) (p.u) Bus Loss $

0 1 0 1 0 0 0 0 1 1 1 72.23261 0.972733 33 0.361163

2 1 0 1 1 0 1 0 1 1 0 361.0525 0.822178 25 1.805263

3 1 0 1 1 1 0 0 1 1 0 92.76659 0.944732 4 0.463833

4 1 0 1 1 1 0 0 1 1 0 82.17104 0.952422 7 0.410855

5 1 0 1 1 1 0 0 1 1 0 78.25271 0.955325 7 0.391264

6 1 0 1 1 0 1 0 1 1 0 74.01693 0.969738 33 0.370085

7 1 0 1 0 0 1 0 1 1 1 72.23261 0.972733 33 0.361163

8 1 0 1 1 0 0 1 1 1 0 70.93954 0.972406 33 0.354698

9 1 0 1 1 0 0 1 1 1 0 71.28806 0.973818 33 0.35644

10 1 0 1 1 0 0 1 1 1 0 72.03199 0.975213 33 0.36016

11 1 0 1 1 0 0 1 1 1 0 72.77193 0.976536 33 0.36386

12 1 1 1 1 0 0 1 0 1 0 74.26648 0.976668 32 0.371332

13 1 1 0 0 0 0 1 1 1 1 82.11912 0.970366 18 0.410596

14 1 1 0 0 0 0 1 1 1 1 77.95653 0.972729 33 0.389783

15 0 1 1 1 0 0 0 1 1 1 79.58852 0.958475 16 0.397943

16 0 1 1 1 0 0 0 1 1 1 77.15863 0.963154 17 0.385793

17 1 0 1 1 0 0 0 1 1 1 74.96912 0.967067 18 0.374846

18 1 0 0 0 0 1 1 1 1 1 107.2543 0.951292 19 0.536271

19 1 0 0 0 0 1 1 1 1 1 100.4221 0.957629 22 0.50211

20 1 0 0 0 0 1 1 1 1 1 94.78361 0.962218 18 0.473918

21 1 0 1 0 0 0 1 1 1 1 74.07745 0.972732 33 0.370387

22 1 0 1 1 1 0 0 1 1 0 110.8856 0.936983 23 0.554428

23 1 0 1 1 1 0 0 1 1 0 101.7305 0.942577 24 0.508652

24 1 0 1 1 1 0 0 1 1 0 75.92662 0.962049 32 0.379633

25 1 0 1 1 1 0 0 1 1 0 66.85444 0.967174 32 0.334272

26 1 0 1 1 1 0 0 1 1 0 65.45699 0.968624 32 0.327285

27 1 0 1 1 1 0 0 1 1 0 64.64673 0.969988 32 0.323234

28 1 0 1 1 1 0 0 1 1 0 64.20358 0.971345 32 0.321018
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29 1 1 1 1 0 0 0 1 0 1 138.5095 0.942431 32 0.692547

30 0 0 1 1 0 1 1 0 1 1 88.99555 0.941296 31 0.444978

31 1 0 1 1 0 0 0 1 1 1 78.09962 0.950887 32 0.390498

32 1 0 1 1 0 0 0 1 1 1 71.28806 0.973818 33 0.35644

Discussion

On comparing the outcomes of case 1, 2 and 3 following points can be concluded:

1. The load curtailment of the network has been eliminated using reconfiguration. This

reduces the system revenue loss and improves system reliability under the event of

contingency.

2. Distributed generation has improved the system voltage from loose lower limit (0.9

pu) to above Strict lower limit (0.95 pu) of voltage in most of the contingencies. From

the results, it also can be concluded that the line outage near to main feeder (i.e. 2)

may violate system voltage limit even after using network reconfiguration and DGs.

3. Reconfiguration has reduced the active power losses but reconfiguration with DGs

has reduced active power losses relatively more.

Table 6.16: Contingency analysis of base IEEE 33 bus system

Case 1 Case 2 Case 3

Con. Revenue Active Min. Voltage Revenue Active Min. Voltage Revenue

NO. Loss$ Loss (kW) V/g Loss$ Loss (kW) V/g Loss $

0 1.053349 139.3297 0.937876 0.69 72.23261 0.972733 0.361163

1 928.75 −− −− −− −− −− −−
2 813.7564 883.1765 0.729342 4.42 361.0525 0.822178 1.805263

3 558.8308 201.1425 0.917144 1.01 92.76659 0.944732 0.463833

4 528.838 183.56 0.925206 0.92 82.17104 0.952422 0.410855

5 513.8418 176.3296 0.928262 0.88 78.25271 0.955325 0.391264

6 269.2144 143.0037 0.938778 0.72 74.01693 0.969738 0.370085

7 219.2783 139.3297 0.937876 0.7 72.23261 0.972733 0.361163

8 169.3544 145.9624 0.935063 0.73 70.93954 0.972406 0.354698

9 154.378 139.3297 0.937876 0.7 71.28806 0.973818 0.35644

10 139.4035 140.0572 0.937875 0.7 72.03199 0.975213 0.36016

11 128.1777 140.9821 0.937874 0.7 72.77193 0.976536 0.36386

12 113.211 145.7943 0.937132 0.73 74.26648 0.976668 0.371332

13 98.24724 142.8708 0.937873 0.71 82.11912 0.970366 0.410596

14 68.33392 139.3297 0.937876 0.7 77.95653 0.972729 0.389783

15 53.37186 157.5749 0.918303 0.79 79.58852 0.958475 0.397943

16 38.41698 151.934 0.923327 0.76 77.15863 0.963154 0.385793

17 23.46615 147.3027 0.927543 0.74 74.96912 0.967067 0.374846

18 91.03705 259.947 0.90312 1.3 107.2543 0.951292 0.536271



50 RESULTS AND DISCUSSION Chapter 6

19 68.53966 243.8665 0.906781 1.22 100.4221 0.957629 0.50211

20 46.04288 229.2695 0.910383 1.15 94.78361 0.962218 0.473918

21 23.54733 157.0458 0.933202 0.79 74.07745 0.972732 0.370387

22 233.3556 251.1906 0.898665 1.26 110.8856 0.936983 0.554428

23 210.8686 233.9222 0.904707 1.17 101.7305 0.942577 0.508652

24 105.943 173.9401 0.921876 0.87 75.92662 0.962049 0.379633

25 230.42 151.3171 0.936818 0.76 66.85444 0.967174 0.334272

26 215.437 146.9353 0.938374 0.73 65.45699 0.968624 0.327285

27 200.4541 143.2059 0.93984 0.72 64.64673 0.969988 0.323234

28 185.4721 139.884 0.941297 0.7 64.20358 0.971345 0.321018

29 155.5164 257.505 0.828439 1.29 138.5095 0.942431 0.692547

30 105.745 154.7863 0.906123 0.77 88.99555 0.941296 0.444978

31 68.33864 142.4049 0.923944 0.71 78.09962 0.950887 0.390498

32 15.9964 139.3297 0.937876 0.7 71.28806 0.973818 0.35644

6.4.2. IEEE 69 Bus Distribution System

Case 1: Contingency at base case

In this case contingency is applied to base network and revenue loss is calculated shown

in the Table 6.17. At first load curtailment for each contingency is calculated and the

network losses and minimum bus voltage are calculated for the remaining network.

Table 6.17: Contingency analysis of base IEEE 69 Bus system

Branch Active Reactive Min.Voltage Min. Voltage Load Revenue

Cont. Loss (kw) Loss (kVAr) (p.u) Bus Curt. (kW) Loss $

0 224.9804 102.156 0.909187 65 0 1.124902

1 0 0 1 1 3801.85 950.4625

2 0 0 1 1 3801.85 950.4625

3 0.155841 0.178954 0.998468 46 3524.75 881.1883

4 2.532321 5.993855 0.994274 50 2676.35 669.1002

5 2.532321 5.993855 0.994274 50 2676.35 669.1002

6 2.532475 5.994173 0.994274 50 2673.75 668.4502

7 2.547429 6.0057 0.994272 50 2633.35 658.3502

8 2.744475 6.121284 0.994267 50 2514.25 628.5762

9 176.4235 79.06273 0.91604 65 767.5 192.7571

10 177.5181 79.63671 0.915796 65 739.5 185.7626

11 185.4714 83.73877 0.91419 65 558.5 140.5524

12 196.1675 89.06854 0.912392 65 357.5 90.35584

13 196.6334 89.29651 0.912321 65 349.5 88.35817

14 197.1048 89.52659 0.91225 65 341.5 86.36052



Section 6.4 Contingency Analysis 51

15 197.1048 89.52659 0.91225 65 341.5 86.36052

16 199.8923 90.87034 0.911849 65 296 74.99946

17 203.8123 92.71694 0.911333 65 236 60.01906

18 208.1728 94.72523 0.910814 65 176 45.04086

19 208.1728 94.72523 0.910814 65 176 45.04086

20 208.2499 94.76037 0.910805 65 175 44.79125

21 218.5526 99.36151 0.909756 65 61 16.34276

22 219.0507 99.57995 0.90971 65 56 15.09525

23 219.0507 99.57995 0.90971 65 56 15.09525

24 221.9401 100.8408 0.909449 65 28 8.1097

25 221.9401 100.8408 0.909449 65 28 8.1097

26 223.4399 101.4911 0.909318 65 14 4.6172

27 224.9347 102.1205 0.909189 65 91.5 23.99967

28 224.9368 102.1252 0.909189 65 65.5 17.49968

29 224.9395 102.1312 0.909188 65 39.5 10.9997

30 224.9395 102.1312 0.909188 65 39.5 10.9997

31 224.9395 102.1312 0.909188 65 39.5 10.9997

32 224.9395 102.1312 0.909188 65 39.5 10.9997

33 224.9444 102.1363 0.909188 65 25.5 7.499722

34 224.968 102.1499 0.909187 65 6 2.62484

35 224.8482 101.9644 0.909191 65 185.6 47.52424

36 224.8503 101.9691 0.90919 65 159.6 41.02425

37 224.8529 101.9749 0.90919 65 133.6 34.52426

38 224.8529 101.9749 0.90919 65 133.6 34.52426

39 224.8568 101.983 0.909189 65 109.6 28.52428

40 224.863 101.9947 0.909189 65 85.6 22.52431

41 224.8634 101.9955 0.909189 65 84.4 22.22432

42 224.8634 101.9955 0.909189 65 84.4 22.22432

43 224.8658 101.9995 0.909189 65 78.4 20.72433

44 224.8658 101.9995 0.909189 65 78.4 20.72433

45 224.9035 102.0534 0.909188 65 39.2 10.92452

46 222.4693 96.05568 0.909227 65 848.4 213.2123

47 222.4693 96.05568 0.909227 65 848.4 213.2123

48 222.4875 96.09608 0.909224 65 769.4 193.4624

49 223.136 97.66301 0.909206 65 384.7 97.29068

50 222.7264 100.9668 0.909559 65 44.1 12.13863

51 224.7909 102.056 0.909218 65 3.6 2.023954

52 22.65995 14.33462 0.971633 27 1716.75 429.3008

53 22.73712 14.37596 0.971597 27 1712.4 428.2137

54 23.19805 14.62275 0.97138 27 1686 421.616

55 23.63353 14.85573 0.971183 27 1662 415.6182

56 23.63353 14.85573 0.971183 27 1662 415.6182

57 23.63353 14.85573 0.971183 27 1662 415.6182
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58 23.63353 14.85573 0.971183 27 1662 415.6182

59 25.9371 16.03316 0.970358 27 1562 390.6297

60 25.9371 16.03316 0.970358 27 1562 390.6297

61 154.9379 72.30072 0.928884 61 318 80.27469

62 161.1259 74.93913 0.927222 62 286 72.30563

63 161.1259 74.93913 0.927222 62 286 72.30563

64 210.4425 95.95739 0.913424 64 59 15.80221

65 222.4491 100.9309 0.909515 65 36 10.11225

66 223.7071 101.5402 0.909351 65 18 5.618535

67 220.6121 100.1086 0.909698 65 56 15.10306

68 222.7669 101.1208 0.909443 65 28 8.113835

Case 2: Reconfiguration after contingency at base network

In the case network is reconfigured after the contingency and the best position of section-

alizer and tie line switches for each contingency is determined and tabulated in Table 6.18

with respective active power losses revenue losses. It is assumed that islanding operation

of the network is not allowed. Therefore Cont. No. 1, 2, 27, 28, 29, 30, 31, 32, 33, 34, 50,

51, 65, 66, 67 and 68 are not considered.

Table 6.18: Reconfiguration of IEEE 69 Bus system after contingency

Cont. Sectionalizer Tie line Active Min. Voltage Revenue

No. Position Position Loss (kW) (p.u) Loss $

3 0 0 1 1 1 0 0 1 1 1 1021.071 0.679552 5.105357

4 1 1 0 0 1 1 0 1 1 0 106.4661 0.949528 0.53233

5 1 1 0 0 1 1 0 1 1 0 106.4661 0.949528 0.53233

6 1 1 0 0 1 1 0 1 1 0 106.2468 0.949641 0.531234

7 1 1 0 0 1 1 0 1 1 0 103.1046 0.951294 0.515523

8 1 1 0 0 1 1 0 1 1 0 95.09452 0.956042 0.475473

9 1 1 0 0 1 1 0 1 1 0 90.36601 0.956304 0.45183

10 1 1 0 0 1 1 0 1 1 0 89.01602 0.956303 0.44508

11 0 0 1 0 1 1 1 1 1 0 80.0855 0.956298 0.400428

12 0 0 1 0 1 1 1 1 1 0 75.40399 0.956293 0.37702

13 0 0 1 0 1 1 1 1 1 0 75.37521 0.956293 0.376876

14 0 0 1 0 1 1 1 1 1 0 75.35793 0.956292 0.37679

15 0 1 0 0 1 1 1 1 1 0 84.49396 0.956283 0.42247

16 0 1 0 0 1 1 1 1 1 0 83.84547 0.956283 0.419227

17 0 1 0 0 1 1 1 1 1 0 83.35287 0.956283 0.416764

18 0 1 0 0 1 1 1 1 1 0 83.23261 0.956283 0.416163

19 0 1 0 0 1 1 1 1 1 0 83.23261 0.956283 0.416163
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20 0 1 0 0 1 1 1 1 1 0 83.23376 0.956283 0.416169

21 0 1 0 1 1 1 0 1 1 0 85.00017 0.953112 0.425001

22 0 1 0 1 1 1 0 1 1 0 84.82007 0.953411 0.4241

23 0 1 0 1 1 1 0 1 1 0 84.82007 0.953411 0.4241

24 0 1 0 1 1 1 0 1 1 0 83.9245 0.954979 0.419622

25 0 1 0 1 1 1 0 1 1 0 83.9245 0.954979 0.419622

26 0 1 0 1 1 1 0 1 1 0 83.55315 0.955641 0.417766

35 1 1 0 0 1 1 0 1 1 0 90.69403 0.956278 0.45347

36 1 1 0 0 1 1 0 1 1 0 89.41838 0.956279 0.447092

37 1 1 0 0 1 1 0 1 1 0 88.21699 0.95628 0.441085

38 1 1 0 0 1 1 0 1 1 0 88.21699 0.95628 0.441085

39 1 1 0 0 1 1 0 1 1 0 87.17565 0.95628 0.435878

40 1 1 0 0 1 1 0 1 1 0 86.19611 0.956281 0.430981

41 1 1 0 0 1 1 0 1 1 0 86.14602 0.956281 0.43073

42 1 1 0 0 1 1 0 1 1 0 86.14602 0.956281 0.43073

43 0 1 1 0 1 1 0 1 1 0 87.86812 0.956281 0.439341

44 0 1 1 0 1 1 0 1 1 0 87.86812 0.956281 0.439341

45 0 1 1 0 1 1 0 1 1 0 85.40728 0.956282 0.427036

46 0 0 1 1 1 1 1 1 0 0 194.6912 0.871471 0.973456

47 0 0 1 1 1 1 1 1 0 0 194.6912 0.871471 0.973456

48 0 1 0 0 1 1 0 1 1 1 428.6476 0.873887 2.143238

49 0 1 0 0 1 1 0 1 1 1 312.1355 0.891986 1.560678

52 0 1 0 0 1 1 0 1 1 1 84.63 0.955491 0.42315

53 0 1 0 0 1 1 0 1 1 1 84.50147 0.955558 0.422507

54 0 1 0 0 1 1 0 1 1 1 83.80001 0.955939 0.419

55 0 1 0 0 1 1 0 1 1 1 83.23261 0.956283 0.416163

56 0 1 0 0 1 1 0 1 1 1 83.23261 0.956283 0.416163

57 0 1 0 0 1 1 0 1 1 1 83.23261 0.956283 0.416163

58 0 1 0 0 1 1 0 1 1 1 83.23261 0.956283 0.416163

59 0 1 0 1 1 1 0 1 1 0 466.4002 0.811713 2.332001

60 0 1 0 1 1 1 0 1 1 0 466.4002 0.811713 2.332001

61 0 1 0 1 1 1 0 1 1 0 89.99736 0.949465 0.449987

62 0 1 0 1 1 1 0 1 1 0 88.05374 0.952446 0.440269

63 0 1 0 1 1 1 0 1 1 0 88.05374 0.952446 0.440269

64 0 1 0 1 1 1 0 1 1 0 82.44196 0.958649 0.41221
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Case 3: Reconfiguration after contingency at network with DG

In this case network having 2 DGs of size 531.18 kW and 1781.5 kW located at bus 17,and

61 respectively is reconfigured after the contingency and the best position of sectionalizer

and tie line switches for each contingency is determined and tabulated in table 6.19 with

respective active power losses revenue losses.

Table 6.19: Reconfiguration of IEEE 69 Bus system with DG after contingency

Con. Sectionalizer Tie line Active Min.Voltage Min. Voltage Revenue

No. Position Position Loss (kW) (p.u) Bus Loss $

0 0 0 0 0 1 1 1 1 1 0 32.27022 0.978133 65 0.161351

3 1 0 0 0 1 1 1 1 1 0 318.4334 0.856342 65 1.592167

4 1 0 0 0 1 1 1 1 1 0 44.37719 0.96964 55 0.221886

5 1 0 0 0 1 1 1 1 1 0 44.37719 0.96964 55 0.221886

6 1 0 0 0 1 1 1 1 1 0 44.22852 0.969771 55 0.221143

7 1 0 0 0 1 1 1 1 1 0 42.16771 0.97169 55 0.210839

8 1 0 0 0 1 1 1 1 1 0 37.26781 0.977127 69 0.186339

9 1 0 0 0 1 1 1 1 1 0 34.69283 0.978147 65 0.173464

10 1 0 0 0 1 1 1 1 1 0 34.04178 0.978146 65 0.170209

11 0 0 1 0 1 1 1 1 1 0 30.75377 0.978142 65 0.153769

12 0 0 1 0 1 1 1 1 1 0 30.97481 0.978136 65 0.154874

13 0 0 1 0 1 1 1 1 1 0 31.13399 0.978136 65 0.15567

14 0 0 1 0 1 1 1 1 1 0 31.30424 0.978136 65 0.156521

15 0 1 0 0 1 1 1 1 1 0 32.46133 0.978133 65 0.162307

16 0 1 0 0 1 1 1 1 1 0 32.75759 0.978133 65 0.163788

17 0 1 0 0 1 1 1 1 1 0 34.8015 0.978133 65 0.174007

18 0 1 0 0 1 1 1 1 1 0 33.60546 0.978133 65 0.168027

19 0 1 0 0 1 1 1 1 1 0 33.60546 0.978133 65 0.168027

20 0 1 0 0 1 1 1 1 1 0 33.58845 0.978133 65 0.167942

21 0 0 0 1 1 1 1 1 1 0 33.04504 0.97507 22 0.165225

22 0 0 0 1 1 1 1 1 1 0 32.9451 0.975359 23 0.164726

23 0 0 0 1 1 1 1 1 1 0 32.9451 0.975359 24 0.164726

24 0 0 0 1 1 1 1 1 1 0 32.50362 0.976875 25 0.162518

25 0 0 0 1 1 1 1 1 1 0 32.50362 0.976875 26 0.162518

26 0 0 0 1 1 1 1 1 1 0 32.36091 0.977514 27 0.161805

35 1 0 0 0 1 1 1 1 1 0 37.13387 0.978128 65 0.185669

36 1 0 0 0 1 1 1 1 1 0 36.22865 0.978128 65 0.181143

37 1 0 0 0 1 1 1 1 1 0 35.39542 0.978129 65 0.176977

38 1 0 0 0 1 1 1 1 1 0 35.39542 0.978129 65 0.176977

39 1 0 0 0 1 1 1 1 1 0 34.69191 0.97813 65 0.17346

40 1 0 0 0 1 1 1 1 1 0 34.04839 0.97813 65 0.170242

41 1 0 0 0 1 1 1 1 1 0 34.01511 0.97813 65 0.170076

42 1 0 0 0 1 1 1 1 1 0 34.01511 0.97813 65 0.170076

43 0 0 1 0 1 1 1 1 1 0 34.21375 0.978131 65 0.171069
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44 0 0 1 0 1 1 1 1 1 0 34.21375 0.978131 65 0.171069

45 0 0 1 0 1 1 1 1 1 0 33.10855 0.978132 65 0.165543

46 0 0 0 0 1 1 1 1 1 1 162.1318 0.943735 47 0.810659

47 0 0 0 0 1 1 1 1 1 1 162.1318 0.943735 48 0.810659

48 0 0 0 0 1 1 1 1 1 1 149.5842 0.947999 49 0.747921

49 0 0 0 0 1 1 1 1 1 1 101.0669 0.963956 65 0.505334

52 0 0 0 0 1 1 1 1 1 1 32.67576 0.977374 65 0.163379

53 0 0 0 0 1 1 1 1 1 1 32.62709 0.977438 65 0.163135

54 0 0 0 0 1 1 1 1 1 1 32.4051 0.977803 65 0.162025

55 0 0 0 0 1 1 1 1 1 1 32.27022 0.978133 65 0.161351

56 0 0 0 0 1 1 1 1 1 1 32.27022 0.978133 65 0.161351

57 0 0 0 0 1 1 1 1 1 1 32.27022 0.978133 65 0.161351

58 0 0 0 0 1 1 1 1 1 1 32.27022 0.978133 65 0.161351

59 0 1 0 1 1 1 0 1 1 0 126.4643 0.961644 64 0.632321

60 0 1 0 1 1 1 0 1 1 0 126.4643 0.961644 64 0.632321

61 0 0 0 1 1 1 1 1 1 0 44.70919 0.965121 62 0.223546

62 0 0 0 1 1 1 1 1 1 0 42.14555 0.968245 63 0.210728

63 0 0 0 1 1 1 1 1 1 0 42.14555 0.968245 64 0.210728

64 0 0 0 1 1 1 1 1 1 0 32.46195 0.980409 64 0.16231

Discussion

On comparing the outcomes of case 1, 2 and 3 following points can be concluded:

1. The load curtailment of the network has been eliminated using reconfiguration. This

reduces the system revenue loss and improves system reliability under the event of

contingency.

2. Distributed generation has improved the system voltage from loose lower limit (0.9

pu) to above strict lower limit (0.95 pu) of voltage in most of the contingencies. From

the results it also can be concluded that the line outage near to main feeder (i.e. 2)

may violate system voltage limit even after using network reconfiguration and DGs.

3. Reconfiguration has reduced the active power losses but reconfiguration with DGs

has reduced active power losses relatively more.
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Table 6.20: Contingency analysis of base IEEE 69 bus system

Case 1 Case 2 Case 3

Con. Revenue Active Min. Voltage Revenue Active Min. Voltage Revenue

NO. Loss $ Loss (kW) (p.u) Loss $ Loss (kW) (p.u) Loss $

0 1.124902 83.23261 0.956283 0.416 32.27022 0.978133 0.161351

1 950.4625 −− −− −− −− −− −−
2 950.4625 −− −− −− −− −− −−
3 881.1883 1021.071 0.679552 5.105357 318.4334 0.856342 1.592167

4 669.1002 106.4661 0.949528 0.53233 44.37719 0.96964 0.221886

5 669.1002 106.4661 0.949528 0.53233 44.37719 0.96964 0.221886

6 668.4502 106.2468 0.949641 0.531234 44.22852 0.969771 0.221143

7 658.3502 103.1046 0.951294 0.515523 42.16771 0.97169 0.210839

8 628.5762 95.09452 0.956042 0.475473 37.26781 0.977127 0.186339

9 192.7571 90.36601 0.956304 0.45183 34.69283 0.978147 0.173464

10 185.7626 89.01602 0.956303 0.44508 34.04178 0.978146 0.170209

11 140.5524 80.0855 0.956298 0.400428 30.75377 0.978142 0.153769

12 90.35584 75.40399 0.956293 0.37702 30.97481 0.978136 0.154874

13 88.35817 75.37521 0.956293 0.376876 31.13399 0.978136 0.15567

14 86.36052 75.35793 0.956292 0.37679 31.30424 0.978136 0.156521

15 86.36052 84.49396 0.956283 0.42247 32.46133 0.978133 0.162307

16 74.99946 83.84547 0.956283 0.419227 32.75759 0.978133 0.163788

17 60.01906 83.35287 0.956283 0.416764 34.8015 0.978133 0.174007

18 45.04086 83.23261 0.956283 0.416163 33.60546 0.978133 0.168027

19 45.04086 83.23261 0.956283 0.416163 33.60546 0.978133 0.168027

20 44.79125 83.23376 0.956283 0.416169 33.58845 0.978133 0.167942

21 16.34276 85.00017 0.953112 0.425001 33.04504 0.97507 0.165225

22 15.09525 84.82007 0.953411 0.4241 32.9451 0.975359 0.164726

23 15.09525 84.82007 0.953411 0.4241 32.9451 0.975359 0.164726

24 8.1097 83.9245 0.954979 0.419622 32.50362 0.976875 0.162518

25 8.1097 83.9245 0.954979 0.419622 32.50362 0.976875 0.162518

26 4.6172 83.55315 0.955641 0.417766 32.36091 0.977514 0.161805

27 23.99967 −− −− −− −− −− −−
28 17.49968 −− −− −− −− −− −−
29 10.9997 −− −− −− −− −− −−
30 10.9997 −− −− −− −− −− −−
31 10.9997 −− −− −− −− −− −−
32 10.9997 −− −− −− −− −− −−
33 7.499722 −− −− −− −− −− −−
34 2.62484 −− −− −− −− −− −−
35 47.52424 90.69403 0.956278 0.45347 37.13387 0.978128 0.185669

36 41.02425 89.41838 0.956279 0.447092 36.22865 0.978128 0.181143

37 34.52426 88.21699 0.95628 0.441085 35.39542 0.978129 0.176977

38 34.52426 88.21699 0.95628 0.441085 35.39542 0.978129 0.176977
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39 28.52428 87.17565 0.95628 0.435878 34.69191 0.97813 0.17346

40 22.52431 86.19611 0.956281 0.430981 34.04839 0.97813 0.170242

41 22.22432 86.14602 0.956281 0.43073 34.01511 0.97813 0.170076

42 22.22432 86.14602 0.956281 0.43073 34.01511 0.97813 0.170076

43 20.72433 87.86812 0.956281 0.439341 34.21375 0.978131 0.171069

44 20.72433 87.86812 0.956281 0.439341 34.21375 0.978131 0.171069

45 10.92452 85.40728 0.956282 0.427036 33.10855 0.978132 0.165543

46 213.2123 194.6912 0.871471 0.973456 162.1318 0.943735 0.810659

47 213.2123 194.6912 0.871471 0.973456 162.1318 0.943735 0.810659

48 193.4624 428.6476 0.873887 2.143238 149.5842 0.947999 0.747921

48 193.4624 428.6476 0.873887 2.143238 149.5842 0.947999 0.747921

49 97.29068 312.1355 0.891986 1.560678 101.0669 0.963956 0.505334

50 12.13863 −− −− −− −− −− −−
51 2.023954 −− −− −− −−−− −− −−
52 429.3008 84.63 0.955491 0.42315 32.67576 0.977374 0.163379

53 428.2137 84.50147 0.955558 0.422507 32.62709 0.977438 0.163135

54 421.616 83.80001 0.955939 0.419 32.4051 0.977803 0.162025

55 415.6182 83.23261 0.956283 0.416163 32.27022 0.978133 0.161351

56 415.6182 83.23261 0.956283 0.416163 32.27022 0.978133 0.161351

57 415.6182 83.23261 0.956283 0.416163 32.27022 0.978133 0.161351

58 415.6182 83.23261 0.956283 0.416163 32.27022 0.978133 0.161351

59 390.6297 466.4002 0.811713 2.332001 126.4643 0.961644 0.632321

60 390.6297 466.4002 0.811713 2.332001 126.4643 0.961644 0.632321

61 80.27469 89.99736 0.949465 0.449987 44.70919 0.965121 0.223546

62 72.30563 88.05374 0.952446 0.440269 42.14555 0.968245 0.210728

63 72.30563 88.05374 0.952446 0.440269 42.14555 0.968245 0.210728

64 15.80221 82.44196 0.958649 0.41221 32.46195 0.980409 0.16231

65 10.11225 −− −− −− −− −− −−
66 5.618535 −− −− −− −− −− −−
67 15.10306 −− −− −− −− −− −−
68 8.113835 −− −− −− −− −− −−
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CHAPTER 7

CONCLUSION AND FUTURE SCOPE

7.1. Conclusion

In this work, effect of (N-1) contingency condition on IEEE 33 and 69 bus distribution

system considering network reconfiguration and distributed generation has been inves-

tigated. An exhaustive analysis along with evaluation of distribution system has been

made for minimization of loss of revenue due to certain contingencies. The work depicts

the advantages of reconfiguration and distributed generation resulting in improvement of

the system voltage stability of the under contingency condition and reduction in system

power losses and load curtailment. The optimal location and size of DGs are obtained

using genetic algorithm. The proposed work can be a valuable tool to optimally recon-

figure the system by evaluating all possible contingencies of the network in presence of

DG.

7.2. Future Scope

The following areas are identified for future work:

• Utilize meta heuristic approach for network reconfiguration of a distribution system

with large number of switches so that it can be incorporated in contingency analysis.

• Contingency analysis of distribution with different load models.

• Contingency analysis of distribution with different generation models.

• Contingency analysis of distribution system with the possibility of islanded operation.
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APPENDIX

A.1. Line and Bus Data of IEEE 33 Bus System

Table 7.1: IEEE 33 Bus system Line Data

Branch Sending Receiving Branch Resistance Branch Reactance

No. End Bus End Bus (Ω) (Ω)

1 1 2 0.0922 0.047

2 2 3 0.493 0.2511

3 3 4 0.366 0.1864

4 4 5 0.3811 0.1941

5 5 6 0.819 0.707

6 6 7 0.1872 0.6188

7 7 8 1.7114 1.2351

8 8 9 1.03 0.74

9 9 10 1.04 0.74

10 10 11 0.1966 0.065

11 11 12 0.3744 0.1238

12 12 13 1.468 1.155

13 13 14 0.5416 0.7129

14 14 15 0.591 0.526

15 15 16 0.7463 0.545

16 16 17 1.289 1.721

17 17 18 0.732 0.574

18 2 19 0.164 0.1565

19 19 20 1.5042 1.3554

20 20 21 0.4095 0.4784

21 21 22 0.7089 0.9373

22 3 23 0.4512 0.3083

23 23 24 0.898 0.7091

24 24 25 0.896 0.7011

25 6 26 0.203 0.1034

26 26 27 0.2842 0.1447

27 27 28 1.059 0.9337

28 28 29 0.8042 0.7006

29 29 30 0.5075 0.2585

30 30 31 0.9744 0.963

31 31 32 0.3105 0.3619

32 32 33 0.341 0.5302
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Table 7.2: IEEE 33 Bus system Bus Data

Bus Bus Specified Specified Active Power Reactive Power

Number Type Voltage (p.u) Angle (p.u) Load (KW) Load (KVAr)

1 Slack 1 0 0 0

2 PQ 1 0 100 60

3 PQ 1 0 90 40

4 PQ 1 0 120 80

5 PQ 1 0 60 30

6 PQ 1 0 60 20

7 PQ 1 0 200 100

8 PQ 1 0 200 100

9 PQ 1 0 60 20

10 PQ 1 0 60 20

11 PQ 1 0 45 30

12 PQ 1 0 60 35

13 PQ 1 0 60 35

14 PQ 1 0 120 80

15 PQ 1 0 60 10

16 PQ 1 0 60 20

17 PQ 1 0 60 20

18 PQ 1 0 90 40

19 PQ 1 0 90 40

20 PQ 1 0 90 40

21 PQ 1 0 90 40

22 PQ 1 0 90 40

23 PQ 1 0 90 50

24 PQ 1 0 420 200

25 PQ 1 0 420 200

26 PQ 1 0 60 25

27 PQ 1 0 60 20

28 PQ 1 0 60 20

29 PQ 1 0 120 70

30 PQ 1 0 200 600

31 PQ 1 0 150 70

32 PQ 1 0 210 100

33 PQ 1 0 60 40
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A.2. Line and Bus Data of IEEE 69 Bus System

Table 7.3: IEEE 69 Bus system Line Data

Branch Sending Receiving Branch Resistance Branch Reactance

No. End Bus End Bus (Ω) (Ω)

1 1 2 0.0005 0.0012

2 2 3 0.0005 0.0012

3 3 4 0.0015 0.0036

4 4 5 0.0251 0.0294

5 5 6 0.366 0.1864

6 6 7 0.3811 0.1941

7 7 8 0.0922 0.047

8 8 9 0.0493 0.0251

9 9 10 0.819 0.2707

10 10 11 0.1872 0.0619

11 11 12 0.7114 0.2351

12 12 13 1.03 0.34

13 13 14 1.044 0.345

14 14 15 1.058 0.3496

15 15 16 0.1966 0.065

16 16 17 0.3744 0.1238

17 17 18 0.0047 0.0016

18 18 19 0.3276 0.1083

19 19 20 0.2106 0.069

20 20 21 0.3416 0.1129

21 21 22 0.014 0.0046

22 22 23 0.1591 0.0526

23 23 24 0.3463 0.1145

24 24 25 0.7488 0.2475

25 25 26 0.3089 0.1021

26 26 27 0.1732 0.0572

27 3 28 0.0044 0.0108

28 28 29 0.064 0.1565

29 29 30 0.3978 0.1315

30 30 31 0.0702 0.0232

31 31 32 0.351 0.116

32 32 33 0.839 0.2816

33 33 34 1.708 0.5646

34 34 35 1.474 0.4873

35 3 36 0.0044 0.0108

36 36 37 0.064 0.1565

37 37 38 0.1053 0.123

38 38 39 0.0304 0.0355
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39 39 40 0.0018 0.0021

40 40 41 0.7283 0.8509

41 41 42 0.31 0.3623

42 42 43 0.041 0.0478

43 43 44 0.0092 0.0116

44 44 45 0.1089 0.1373

45 45 46 0.0009 0.0012

46 4 47 0.0034 0.0084

47 47 48 0.0851 0.2083

48 48 49 0.2898 0.7091

49 49 50 0.0822 0.2011

50 8 51 0.0928 0.0473

51 51 52 0.3319 0.1114

52 9 53 0.174 0.0886

53 53 54 0.203 0.1034

54 54 55 0.2842 0.1447

55 55 56 0.2813 0.1433

56 56 57 1.59 0.5337

57 57 58 0.7837 0.263

58 58 59 0.3042 0.1006

59 59 60 0.3861 0.1172

60 60 61 0.5075 0.2585

61 61 62 0.0974 0.0496

62 62 63 0.145 0.0738

63 63 64 0.7105 0.3619

64 64 65 1.041 0.5302

65 11 66 0.2012 0.0611

66 66 67 0.0047 0.0014

67 12 68 0.7394 0.2444

68 68 69 0.0047 0.0016

Table 7.4: IEEE 69 Bus system Bus Data

Bus Bus Specified Specified Active Power Reactive Power

Number Type Voltage (p.u) Angle (p.u) Load (KW) Load (KVAr)

1 Slack 1 0 0 0

2 PQ 1 0 0 0

3 PQ 1 0 0 0

4 PQ 1 0 0 0

5 PQ 1 0 0 0

6 PQ 1 0 2.6 2.2
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7 PQ 1 0 40.4 30

8 PQ 1 0 75 54

9 PQ 1 0 30 22

10 PQ 1 0 28 19

11 PQ 1 0 145 104

12 PQ 1 0 145 104

13 PQ 1 0 8 5.5

14 PQ 1 0 8 5.5

15 PQ 1 0 0 0

16 PQ 1 0 45.5 30

17 PQ 1 0 60 35

18 PQ 1 0 60 35

19 PQ 1 0 0 0

20 PQ 1 0 1 0.6

21 PQ 1 0 114 81

22 PQ 1 0 5 3.5

23 PQ 1 0 0 0

24 PQ 1 0 28 20

25 PQ 1 0 0 0

26 PQ 1 0 14 10

27 PQ 1 0 14 10

28 PQ 1 0 26 18.6

29 PQ 1 0 26 18.6

30 PQ 1 0 0 0

31 PQ 1 0 0 0

32 PQ 1 0 0 0

33 PQ 1 0 14 10

34 PQ 1 0 19.5 14

35 PQ 1 0 6 4

36 PQ 1 0 26 18.55

37 PQ 1 0 26 18.55

38 PQ 1 0 0 0

39 PQ 1 0 24 17

40 PQ 1 0 24 17

41 PQ 1 0 1.2 1

42 PQ 1 0 0 0

43 PQ 1 0 6 4.3

44 PQ 1 0 0 0

45 PQ 1 0 39.2 26.3

46 PQ 1 0 39.2 26.3

47 PQ 1 0 0 0

48 PQ 1 0 79 56.4

49 PQ 1 0 384.7 274.5
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50 PQ 1 0 384.7 274.5

51 PQ 1 0 40.5 28.3

52 PQ 1 0 3.6 2.7

53 PQ 1 0 4.35 3.5

54 PQ 1 0 26.4 19

55 PQ 1 0 24 17.2

56 PQ 1 0 0 0

57 PQ 1 0 0 0

58 PQ 1 0 0 0

59 PQ 1 0 100 72

60 PQ 1 0 0 0

61 PQ 1 0 1244 888

62 PQ 1 0 32 23

63 PQ 1 0 0 0

64 PQ 1 0 227 162

65 PQ 1 0 59 42

66 PQ 1 0 18 13

67 PQ 1 0 18 13

68 PQ 1 0 28 20

69 PQ 1 0 28 20
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A.3. IS 12360:1988

Voltage Bands for Electrical Installations Including Preferred Voltages and

Frequency.
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