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ABSTRACT 

An integrated power and energy loss optimization scheme consisting of Capacitor place-

ment, Network Reconfiguration(NR) and Distributed Generation(DG) placement for 

the power and (lynanhic energy loss reduction and voltage profile improvement in pri- 

- mary radial distribution systems is proposed here. Individual power and energy loss 

reduction scheme i.e. Capacitor placement, NR and DG placement and combinations of 

these are tested on IEEE-33 and IEEE-69 bus systems and are analyzed comparatively. 

The different patterns of load types are taken into consideration to perform a practical 

study. The variable output of DG is considered by connecting the solar PV units into 

the distribution systems. Capacitors or the reactive power sources are considered if the 

DG units are unable to inject the reactive power. The developed backward/forward 

load flow method is used considering  DGs as constant power sources. A meta heuristic 

Harmony Search Algorithm (HSA) is used for simultaneously determining the optimal 

reconfiguration and capacitor and DG sizes and locations. Different scenarios of Capac-

itor and DC placement and reconfiguration are considered to study the performance of 

the proposed method. 

The objectives of this dissertation work are: 

To propose an optimal dynamic power and energy loss optimization scheme. 

Simulate the proposed scheme with IEEE-33 and IEEE-69 bus radial distribution 

systems. 
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Chapter 1 

Introduction and Literature 

- Review 

1.1 Introduction 

The power and energy loss reduction is one of the key planning issues in the distribu-

tion systems since the distribution systeirl losses are much higher as compared to the 

transmission systems. In order to improve the overall efficiency, the power losses in the 

distribution systems should be reduced significantly. Most of the distribution systems 

are radial in nature for the effective coordination of the protective relays. The load de-

mand on a distribution system increases continuously which results in increased burden 

on the feeders and the reduction in the l)us voltages as we move away from the smibsta-

tion. This results in increased losses and increased l)eak demand. Increase in the power 

loss and the decrease in voltage profile are cumulative and it reduces the the distribution 

system stability and necessitates the expansion. Hence the power loss reduction is one 

of the crucial issue in the distribution system planning and operation. 

There are various method of power loss reduction which automatically results in the 

voltage profile iniprovement such as capacitor placement. Network Reconhguration(NR). 

The network reconfiguration changes the topology of the distribution system and the 

high demand loads are supplied via low impedance paths because of which the power 

losses get reduced. Capacitors inject the reactive power into the distribution systems 

1 



Chapter 1. introduction 2 

which helps in improving the voltage profile and reducing the power loss. Nowadays 

the structure of the power system is changing due to integration Distributed Genera-

tion(DG) into the distribution networks for the improvement of the overall performance 

of the power system. Since the DG units inject the real and or reactive power into 

the distribution system, it reduces the load on the substation and if these are located 

properly then they also reduces the power losses in the distribution system and improves 

the voltage profile. Hence the NR. capacitor placement and DG integration are three 

methods of power loss reduction in the distribution systems. 

Effective NH.. DG and capacitor placement also results in reduction of the peak demand 

and peak operating cost, reduction in the burden on the substation transformers and 

- feeders, diversification of energy resources, deferral of the transmission and distribution 

systems expansion, lowering of the transmission and distribution costs, improvement in 

the reliability and power quality. 

The objective of the optimal capacitor and DG Placement(ODGP) is to find the best 

bus locations and sizes to optimize the distribution system planning and operation while 

satisfying the given constraints. As a planning issue the DG and capacitor locations and 

sizes can be considered as the decision variables but once the DG units and capacitors 

and integrated i.e. as an operational issue, the DG and capacitor sizes and tie switches 

are the decision variables for the optimal power loss reduction. Further the DG output 

may not be available continuously depending upon the source. In this case only NR and 

capacitor placement can be used to reduce the power loss. The network reconfiguration 

affects the topology and system operatilig conditions which also affect the ODGP and 
11 

capacitor placement. Hence the NR, capacitor and DG placement should be manipulate(l 

simultaneously. 

In this work, a meta-heuristic 1-larmony Search Al-0  orithin(HSA) is implemented to op-

timize the power and energy loss subject to the operating constraints. Initially each of 

the power and energy loss reduction s(ILeme i.e. NR, capacitor and DG placement is 

tested individually on IEEE-33 and IEEE-69 bus radial distribution systems. Then all 

the combinations of these schemes are implemented and the results are compared. This 

integrated scheme can be implemented to any type of the distribution system i.e. if the 

tie lines are not available then only capacitor and DC placement, if the DG units are not 

available then only NR and Capacitor placement, if both tie lines and DG units are not 

available then only capacitor placement method can be implemented. Again the loads at 

the buses does not remain constant. Also all the loads are not the constant power loads. 
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Hence for the practical study, the various types of loads i.e. In(Iustrial, Commercial 

and Residential loads along with their load curves are taken into account. Solar PV are 

considered for varying DG output which is the common case in practice. Due to the 

high cost of comiiiutation devices hourly reconfiguration is not possible. Hemice the load 

curves are optimally divided into three intervals and also a single configuration which 

gives the optimal energy loss is found. 

This dissertation report is divided into five chapters. The next section of this chapter 

presents a brief overview of different power and energy loss reduction techniques and 

method,, used in the literature. Chapter 2 is dedicated to the load flow of the radial 

distribution systems. Chapter 3 explains the meta-heuristic HSA used for the optimiza-

tion purpose. Chapter 4 explains all the three power loss reduction methods. Chapter 

5 shows the results and the discussion on each of the power and energy loss reduction 

method. Final chapter aims at the conclusions drawn. 

1.2 Literature Review 

1.2.1 Capacitor Placement 

To implement any power loss reduction method in the distribution systems, the re-

peated load flow is required. A direct approach for the distribution systems load flow is 

explained by Jen-Hao Teng in [] which reduces the computation time rectuired for the 

load flow calculations. Desai and Brown discussed the effect and performance of van-

able reactive power sources in primary distribution systems in [2]. Lee and Grainger [;] 

solved the optimal capacitor placement problem by non-linear programniing with itera-

tive method by taking capacitor sizes as continuous variables. In [1] Huang introduced a 

ineta-heuristic Tabim Search method and conipared the results with Simulated Annealing 

method. Sundhararajan and Pahwa [] used the genetic algorithm for optimal capacitor 

placement. To select the candidate buses the sensitivity analysis is used. Milosevic, 

Begovic [] proposed Genetic Algorithm for optimal shunt capacitor placement for con-

servative voltage reduction. Das [7] used Fuzzy-GA method for the optimal capacitor 

a placement with sensitivity analysis for the candidate l)lIS selection. 
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1.2.2 DG Placement 

Various methods have been proposed to solve the ODGP prol)1eIfl with various Ol)jeC-

tives such as minimization of the power loss, energy loss, cost, voltage deviations and 

maximization of DG capacity, profit, voltage limit loadahility. Again the ODGP prob-

lem considers single DG as well as multiple DGs case. The DG variables considered are 

number, bus location and size. Also the ODGP problem has been proposed with multi-

ple constraints such as line capacity limits, voltage drop limits, short-circuit level limit, 

DC penetration limit, limit on the maxirnuni number of DGs and reliability constraints. 

ODGP is solved by analytical, numerical as well as heuristic methods. 

- Analytical methods to find out the optimal bus location for a single DG having fixed 

size are described in [s].  An analytical method based on the loss sensitivity factor is 

used in [9] to the ODGP problem for a single DC. An analytical method explianed in 

['10] is used for the optimal sizing and siting of multiple DG units of different types. 

Gradient search method for the ODGP problem in meshed networks with constraints 

on the fault level is described in [11]. ODGP is solved by using Linear ProgTamming in 

[12] to achieve the maximum DC energy harvesting. The objective of the maximization 

of the profit of the distribution network operator (DNO) is considered using Dynamic 

Programming(DP) in [1:]. Converter based DG units for the improvement of the the 

voltage stability margin are considered using MINLP in [1.4]. The ODGP in distribution 

systems is solved by the exhaustive search with variable demand in [15]. 

OPF and GA are combined in [161 for the optinial placement of DG units. ODGP is 

solved with the help of fuzzy GA for minimizing the power loss cost in [17]. A non-

dominated sorting GA (NSGA) is implemented for maximization of the DG capacity 

in [I J. A hybrid GA along with imnimule algorithm is considered to solve the ODGP 

problem to maximize the profit (191. A modified PSO is used for the ODGP of different 

DC types [20]. A hybrid PSO and GA is implemented in [21]. Discrete PSO is used for 

siting and OPF for sizing of the DC units [22]. HS algorithm along with loss sensitivity 

factors is used for ODGP in [3]. A stochastic model of the DC placement problem is 

implemented in [2:] by a GA and by a combined scatter search and TS. The Heuristic 

ODGP method based upon the continuation of power flow is explained in [2 11. The 

ODGP is evaluated by clustering techniques and exhaustive search method in two stages 

in [25]. 
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1.2.3 Network Reconfiguration 

A heuristic based on branch-and-bound-type optimization technique has been proposed 

by Shirmohainmadi and Hong in [26]. Here initially all the switches are closed and then 

openied one by one to find out the the optimal power loss in the network. In [27] Huang 

and Chini have suggested a minimum loss configuration which is based on the artificial- 

intelligence. In {2S] Das has proposed allalgorithm which is based upon heuristic method 

and fuzzy approach to find the optimal reconfiguration of the distribution systems. 

1.2.4 Combination of Network Reconfiguration and DG or Capacitor 

Placement 

Most of the work has been done to reduce the power and energy losses by simultaneously 

considering two of the t11ree power loss reduction methods i.e. NR, DG and capacitor 

placement. Till now all the three methods have not been considered simultaneously [29]. 

In [:O] GA is used for minimization of power losses by simultaneous feeder reconfiguration 

and capacitor placement. Chaug [31]has implemented ant colony search algorithm for 

reconguration and capacitor placement simultaneously to reduce the power loss. In [32] 

Discrete genetic algorithm (GA) has been used for feeder reconguration and capacitor 

placement simultaneously. 

Various scenarios of DG placement and network reconfiguration are proposed and im-

plemeiited by using HS algorithm in [33] and [3 11 with light, nominal and heavy loading 

conditions. But the capacitor placement is not considered here. Also the DG locations 

are fixed based on the loss sensitivity factors which may not be the optimal locations 

in actual practice. Again the constant power loads are considered here which is not the 

practical case. For the practical study various load types and load curves are considered 

in [3] for optimal NR and DC placement by optimally dividing the load curves and 

using combination of heuristic and meta-heuristic algorithms. But in this case the DG 

output (luring each interval is assumed to be constant which is not apphcal)lc for the 

cases where the output of DG units changes with time. In [3G], solar PV buses are 

considered as PQ buses with negative generation when the distribution system is coin-

miected to the gri(l. A novel optimization tecimique which is called as Harmony Search 

Algorithm is used in [37] for solving complex, non-differentiable optimization problems 

without requiring any initial value settings. In this work HS algorithm is impleniented 

for integrated power and energy loss reduction i.e. Capacitor placement. NR and DC 
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placement are considered siinultaiieously. To make it dynamic the various load types 

and curves along with varying DG output are considered. 



Chapter 2 

Load Flow Analysis 

2.1 Introduction 

The steady state solution of the power system is obtained by using the load flow which 

gives the various parameters of interest such as the voltage magnitudes and phase angles, 

currents, power flows etc. The load flow solution is necessary for the planning, design. 

operation and control of the power system. Various methods such as Newton-Raphson, 

Gauss-Seidel, Decoupled method have been proposed for the load flow of the transmission 

systems. Most of the transmission systems have mesh topology while the distribution 

systems are radial in nature. Again R/X ratio is much higher in distribution systems 

due to which the conventional methods of load flow analysis may not converge for the 

distribution systems. Some of the characteristics of the distribution systems are as 

follows: 

Radial or Weakly Meshed topology 

Unbalanced loads and operat ion 

Large number of lines and buses 

High R/X ratio 

Wide range of R and X 

7 
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Chapter 2. Load Flow of Radial Distribution System 8 

Based on the topological characteristic of the distribution systems, a method to find 

the load flow solution is modeled which is also known as Backward/Forward load flow 

method [I]. In this method it is not required to compute the Jacobian matrices in each 

iteration which reduces the computation time compared to conventional methods. This 

method is explained in the next sections. 

2.2 Load Flow 

The load flow of the radial distribution system considering the balanced operation and 

constant power loads consist of the following points: 

Equivalent Current Injection 

Formulation of Bus Injection to Branch Current(BIBC) Matrix 

Formulation of Branch Current to Bus Voltage(BCBV) Matrix 

2.2.1 Equivalent Current Injection 

The equivalent current injection at a particular bus i with load Si at the k-th iteration 

is given by the equation 

Si = Pi +jQi for i=1,2,3 .... N (2.1) 

ik = 
(P +jQ 

V' 
(2.2) 

\ ,j 

where 

Si is the complex power at i-th bus 

P is the real power at i-th bus 

Qi is the reactive power at i-th bus 

is the bus voltage at k-th iteration for i-th bus 

is the equivalent current injection at k-th iteration for i-th bus 

2.2.2 Formulation Of BIBC Matrix 

The forniulation of BIBC matrix is illustrated with the help of a simple distribution 

system shown in the Rg.(2.1). 
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Bus4 Bus5 

Bus 1 

tat1on 

4Bus 

Bus 6 

16 

FIGURE 2.1: A Typical Distribution System 

At each bus the power injections can be expressed in terms of equivalent current injec-

tion by using eq.(2.2) and a set of equations obtained by applying Kirchoff's Current 

Law(KCL) at each bus. Now branch currents can be expressed in terms of equivalent 

current injections. As shown in fig.(2.1), the branch currents B1. B2, B3, B4  and B5  

can be expressed as: 

B5  = 16 (2.3) 

B4  = 15 (2.4) 

B:j  = 14 + 15 (2.5) 

B2 =I3 +I4 +15 +I6 (2.6) 

B1 =I2 +I3 +L1 +I5 +I6 (2.7) 

Using above equations the BIBC matrix can be formulated as: 

B1 1 1 1 1 1 '2 

B2 0 1 1 1 1 13  

B3  = 0 0 1 1 0 X  14  

B1 0 0 0 1 0 I 

B5 0 () 0 0 1 16 

The above expression can be written in general form as 

[B] = [BIBC] * [I] (2.8) 

The general procedure to form the BIBC matrix using above equations which is shown 

with the illustrative fig.(2.2) is as follows: 



k-th Row +1 

i-th Bus 

Column 

[ 

j-th Bus 

Column 
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For a distril)utiOn system with N buses and M branches the size of BIBC matrix 

is M*(N_1). 

If a branch Bk lies in between bus i and bus j then copy the i-th bus column to 

j-th bus column of the BIBC matrix and add +1 at j-th bus column and k-tl row 

as illustrated in fig. (2.2). 

Repeat the above step until every branch is included in the BIBC matrix. 

FIGURE 2.2: Formation of BIBC Matrix 

2.2.3 Formulation Of BCBV Matrix 

The Branch Current to Bus Voltage(BCBV) matrix relates the bus voltages to branch 

currents. From the fig. (2.1) the voltages at bus 2, 3 and 4 can be written in tenns of 

branch currents as: 

V2  = V1  - B1  * Z12 (2.9) 

V3 =V—B2 *Z23 (2.10) 

(2.11) 

From the above equations the voltage at bus 4 can be written as: 

V4  = V1  B1 *Z19 B9 * Z23 - B3 *Z34 (2.12) 

From eci.(2J2) it is clear that the bus voltages can be expressed as function of substation 

voltage, branch currents and line impedance. The similar procedure is used to find out 



zij  

Fal l 
k-tb Column 

i-th Bus Row 

j-th Bus Row 
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other bus voltages and the BCBV matrix is derived as: 

V1  V2  Z12 1 1 1 1 B1  

V1  V3  Z12 Z23 111 B2  

V1  - V4  = Z12 Z23 Z 34 1 0 x  B3  

V1  V5 Z12 Z23 Z34 1 0 B4  

[Vi] [V6] [Z12  Z23  0 0 Z] [B5  

The above expression can be written in general form as: 

tV = BCBV * B (2.13) 

The general procedure to form the BCBV matrix using above equations which is shown 

with the illustrative fig.(2.3) is as follows: 

For a cbstribution system with N buses and M branches the size of BCBV matrix 

is (N1)*  M. 

If a branch Bk lies in between bus i and l)US j then copy the i-th bus row to j-th 

bus row of the BCBV matrix and acid Zjj at j-th bus row and k-th column as 

illustrated in fig.(2.3). 

Repeat the above step until every branches is included in the BCBV matrix. 

FIGURE 2.3: Formation of BCBV Matrix 

From fig.(2.2) and fig.(2.3) it is clear that forimilation of BIBC and BCBV matrices is 

much easier whatever may be the size of the distribution system. Again the procedure 
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to form BIBC and BCBV matrices is almost similar only thing is that columns in BIBC 

are changed to rows in BCBV and +1 in BIBC to Zjj  in BCBV. 

2.2.4 Solution Methodology 

The procedure to form the BIBC and BCBV matrices is explained in the above sections. 

These matrices represent the topology of the distribution system. The BIBC matrix 

relates the bus current injections to the branch currents. Hence the variation in branch 

currents due to the variation in current injections can be directly calculated using BIBC 

matrix. The BCBV matrix relates the branch currents to the bus voltages. Hence 

the variation in bus voltages due to the variation in branch currents can be directly 

calculated using BCBV matrix. Combining eq.(2.8) and (2.13) the relationship between 

the bus voltages and the bus current injections can be written as: 

[/V] = [BCBV] * [BIBC] * [I] (2.14) 

Let 

[DLF] = [BCBV] * [BIBC] (2.15) 

Therefore, 

[AV] = [DLF] * [Il (2.16) 

The load flow solution can be obtained by iteratively solving the following equations 

eq.(2.IT). (2.1) and (2.19) which are given below: 

= 
(Pi ± .Q)* 

(2.17) 

Let 

[AVk+l] = [DLF] * [Ik] (2.18) 

The refore, 

[Vk+l] = [Vol - [AVk+l] (2.19) 

As the DLF matrix does not changes as per iteration, this method is very time efficient 

and can be used for the optimization and on-line operation of the distribution systems. 
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2.3 Algorithm For Distribution System Load Flow 

The steps involved in the load flow of the distribution system are as follows: 

Start 

Read the line and load data of the distribution system. 

Form the BIBC matrix as illustrated in the subsection 2.2.2 where 

[B] = [BIBC] [I] 

Form the BCBV matrix as illustrated in the subsection 2,2.3 where 

[LV] = [BCBV] [B] 

Form the DLF matrix using the eq.(2.15), where 

[DLF] = [BCBVI[BIBC] 

and [AV] = [DLF] [I] 

Set the iteration count k=O. 

k=k+1 

Update the voltages by using equations eq.(2.I7), (2.18) and (2.19) as: 

12k = ((P +jQ)/V' 

= [DLF] " [Ik] 

[Vk+j] = [Vo] - [Vk+l] 

If max (lIhI - 112k I) > tolerance then go to the step 6. 

From the final bus voltages calculate the line power flows and the losses. 

Stop 
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FIGURE 2.1: Flowchart for the Load Flow Solution of the Radial Distribution Svsteni 



Chapter 3 

Harmony Search Algorithm 

3.1 Introduction 

A meta-heuristic algorithm which mimics the process of improvisation of music players 

has been developed which is called as Harmony Search(HS) [:7]. This harmony search 

in music is similar to find the optimal solution in an optimization problem. It is based 

on the concept that how the musicians play different notes of the different musical 

instruments for finding  the best combination of frequencies which gives the best tune. 

Similarly in Harmony Search algorithm the best coml)ination of available solutions is 

selected to find out the optimal solution of the objective function. Advantages of the 

HS algorithm are: 

It is based on fewer mathematical requirements and does not need the initial value 

setting. 

As it is based on the stochastic random searches, it can be applied to non-

differential complex problems. 

In this method a new solution vector is generated by considering all the existing 

solution vectors whereas in Genetic Algorithm(GA), only two parent vectors are 

taken into account. 

15 
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3.2 Algorithm 

The following steps are involved in the implementation of HSA: 

Initialization of the optimization problem and algorithm parameters 

Initialization of the harmony memory 

Improvisation of a new harmony 

Update of the harmony memory 

Checking of the stopping criterion 

3.2.1 Initialization of the Optimization Problem and HSA Parameters 

The step 1 of the implementation of HSA is the initialization of optimization problem 

which is specified as follows: 

Minimize f(s) subject to xi E Xi for all i=1, 2. 3.......N 

and x < X <x 

where, 

f(s) - the objective function to be minimized 

x - the set of each decision variable x 

Xi the set of possible range of values for each decision variable Xj 

N - the total number of decision variables 

xf,  and x - the lower and upper limit of each decision variable x 

In this step, time HSA parameters are also specified which are as follows: 

Harmony Memory Size(HMS)- which is the number of solution vectors in the 

Harmony Memory(HM) which is a memory location where all the solution vectors 

i.e. set of decision variables are stored. 

Harmony memory Considering Rate(HMCR) 
a 

Pitch Adjusting Rate(PAR) 

Bandwidth (BW) 

Number of hnprovisations(NI) or the stopping criterion 
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3.2.2 Initialization of the Harmony Memory(HM) 

In this step, the HM matrix is filled with randomly generated solution vectors i.e. set 

of (lecision variables which are equal to HMS in number. 

1 a4 
... 

HM = 
2 
I 

2 
2 

.2 

.11 2 ... 

N SN 

3.2.3 Improvisation of a New Harmony 

Improvisation is the process of generating a new harmony. A new solution vector = 

- [x 4 4I is generated as per two rules: 

Memory Consideration or Random Selection 

Pitch Adjustment 

3.2.3.1 Memory Consideration or Random Selection 

Harmony memory considering R.ate(HMCR) determines whether a new solution vector 

is to he selected from the existing Harmony Memory or it is to be generated randomly 

from the solution space i.e. the range of decision variables. The purpose of memory 

consideration is the wide search of the optimal solution in the search space. I-IMCR 

which lies in between 0 and 1 is the probability of selecting the new harmony vector 

from existing FIM randomly and (1-HMCR) is the probability of generating it randomly 

from the solution space. 

x E [x x •x ..... ] with probability HMCR 

and x E xj with probability (1-HMCR) 

Since initially HM is filled with randomly generated solution vectors and then it is 

improvised, HMCR value greater than 0.5 gives the better results. Normally HMCR is 

set in between 0.7 and 0.95. 
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3.2.3.2 Pitch Adjustment 

Every new harmony vector either generated by HM consideration or by random selection 

is examined for the pitch adjustment. This step of improvisation of harmony vector is 

mainly to search the solution in the narrow range around the solution vector generated 

by the previous step and the range of this search is set by the parameter bandwidth BW. 

Smaller the BW, smaller will be the search space. Pitch Adjusting Rate(PAR) sets the 

probability of the adjustment of the harmony vector while (1-PAR) is the probability of 

doing nothing. 

Hence, 

= x ± rand() * BW with probability HMCR 

and - with probability (1-HMCR) 

where, raud() is a random number between 0 and 1 and BW is the bandwidth of decision 

variables. 

3.2.4 Update of the Harmony Memory 

Once the harmony vector is improvised then the objective function is to be evaluated 

by considering the improvised harmony vector. If the new harmony is better than the 

worst harmony in the existing HM then The worst harmony in existing H'vI is replaced 

by the new harmony. 

3.2.5 Checking of the Stopping Criterion 

When the iteration number becomes equal to NI then computation is termnmated. Now 

the best solution vector in the HM is the optimal solution of the given optimization 

problem. 

The flowchart for the Harmony Search Algorithm is shown in the 
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FIGURE 3.1: Flowchart for the Harmony Search Algorithm 



Chapter 4 

Power Loss Reduction Techniques 

• and Application of HSA for 

Optimal Power Loss Reduction 

4.1 Power Loss Reduction Techniques 

4.1.1 Shunt Reactive Compensation 

The shunt reactive compensation is generally used for the power loss reduction and 

voltage profile improvement in the (listril)ution systems. To inject the reactive power 

into the distribution systems, capacitors placement is the iiiost commonly used method. 

Capacitors may he uncontrolled or the step controlled. For the continuous control of the 

reactive power, synchronous conipensators (overexcited synchronous machines operating 

on no load) are used. Nowadays for the continuous control of the reactive power to be 

injected into the system, a static converter based Distribution STATCOM is being used. 

Due to injection of the reactive power into the distribution feeders, the current drawn 

from the substation transformer is reduced and hence the total power loss. The followings 

are the advantages of shunt reactive compensation. 

Decrease in the total power loss 

Improvement in the voltage profile 

20 
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Increase in the source power factor 

Reduction in kVA loading on distribution transformer 

Increase in the voltage regulation and stability of the distribution system 

4.1.2 Network Reconfiguration 
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FIc;uRE 4. 1: E3ase Topoiogy of 34-hits Ru hal I)istribution System in presence of DOs 
and 'I ie Lines [:J 

Normally the topology of distribution systenis is radial for the effective coordination of 

their protection systems. Distribution systems consists of two types of switches which 

serves both the purpose of protection and configuration control. These are sectionahiziiig 

(miormnally closed) and tie switches (imorimially open). By altering the status of the tie and 

sectionalizing switches, the topology of the distribution system is changed and the loads 

are transferred among the feeders while the radial miature of the system is still maintained. 



Cl1apter 4. Power Loss Reduction Techniques 22 

This is called as feeder reconfiguration [:]. The following are the advantages of feeder 

reconfiguration: 

Total power loss reduction in the clistril)ution system 

Balancing the system load 

Voltage Profile Improvement 

Increase in the system reliability and security 

Improvement in the power civality 
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Frc;uRE 1.2: A Sammiple Reconligitrat ion of 33-1-3its Radial Distribution System with 

• DGs [*11  

- 
In the fig. (I. 1) a 33-bus radial distribution system with tie lines is shown. The tie hues 

(shown by dotted hues) are connected between the buses 21 and 8, 22 and 12, 9 and 15. 

25 and 29 and 18 and 33 with tie switches so as to control the operation of the line i.e. 
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either ON or OFF. Sectionalizing switches are present between any two buses which are 

connected by a dark line. By controlling the sectionalizing switch, the operation of the 

line can be controlled. Also three DGs are connected at the buses 8, 20 and 24. 

With the addition of tie lines the loops LI, L2, L3, L4 and L5 are formed as shown in 

the fig. (4.1). Now switch positions in these loops are to be changed in such a way 

that only one switch is open in a ioop so that all the buses are served and the radial 

structure of the network is still maintained. A sample reconfiguration of the 33 bus 

radial distribution system is shown in the fig. (4.2). Here all the tie switches shown in 

the fig. (1.1) are closed and the sectionalizing switches connecting buses 19 and 20, 21 

and 22, 13 and 14, 24 and 25, 30 and 31 are opened. In this case the topology of the 

distribution system is changed but the radiality is still maintained. 

4.1.3 DG Placement 

4.1.3.1 Introduction 

Distributed Generation (DG) refers to the small-scale generators (between 1kW 50MW) 

that generate the electricity near to the load centres and are directly connected to the 

electric distribution systems [291. DG include various technologies which are enlisted in 

the next section. Distributed generation. which is also known as dispersed generation. 

decentralized generation or on-site generation, produces the electricity from many small 

scale energy sources. Conventional power generation consists of large centralized plants 

such such as fossil fuel plants(coal, gas fired), nuclear and large hydropower plants. These 

plants are having the excellent economies of scale, but the load centres are situated far 

away and the electricity is to be transmitted at long distances and also they affect the 

environment negatively. DG allows the collection of the energy from many sources with 

lower environmental impacts and high reliability of the supply. 

4.1.3.2 Applications of DG Systems 

The purposes behind the installation of the DG units are as follows: 

To generate the entire electricity that a customer requires 

To reduce the peak demand of a customer as well as the utility (luring the peak 

price periods 
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To provide the backup emergency supply of power 

To integrate the renewable energy sources as green power sources 

To defer the utility expansion 

To provide the ancillary services such as power factor improvement, voltage regu-

lation, frequency regulation etc. 

4.1.3.3 DG Types 

DC can be classified depending upon the injection of real(P) and reactive power(Q) as 

follows [ii)]: 

Type 1: DC capable of injecting both P and Q 

Type 2: DG capable of injecting P but consinning Q 

Type 3: DG capable of injecting P only 

Type 4: DG capable of injecting Q only 

DG units using the synchronous machines (cogeneration plants, gas turbines etc.) fall 

in Type 1. Type-2 consists mainly induction generators used in the wind farms. Solar 

photovoltaics, micro-turbines and fuel cells which are connected to the gridl by converters 

or inverters are examples of Type 3 DC. Synchronous Compensators such as gas turbines 

are the examples of Type-4 DG. 

4.1.3.4 DG Technologies 

DG technologies are broadly classified as the renewal)le or non-renewable technologies. 

Renewable technologies include solar (either concentrated or photovoltaic), wind tur-

bines, geothernial . Normally the location and size of the wind turbines is suitable to 

connect it to the distril)lltion system; Hence it is considered as DC. But the electric-

ity generation from wind farms is owned by large companies; hence wind turbines are 

usually not includes in DC in the literature due to which these are not considered in 

this work. The IC engines combined cycle plants, gas turbines, micro turbines and the 

fuel cells constitute the non-renewable DC. Among all the available technologies solar 

photovoltaics, IC engines, micro turbines and fuel cells play an important role in DC 

placement. Various DG technologies are enlisted below: 
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Internal Combustion Engines 

Micro Turbine 

Biomass 

Fuel Cell 

Small Hydro 

Wind Turl)ine 

Solar Photovoltaic 

Concentrating Solar 

4.1.3.5 Benefits of DG Systems 

The advantages of integrating the DC units into the distribution systems are as follows: 

It increases the power system reliability and improves the power quality. 

DC provide ancillary services such as frequency regulation, voltage regulation. 

It reduces the peak power demand. 

It can also be used for the emergency supply of power. 

It reduces the pressure on distribution and transmission lines. 

It incorporates the use of renewable energy sources which is very helpful in reducing 

the carbon emissions. 

It reduces the need for distribution and transmission system expansion. 

Also it requires the lower capital cost as compared to the conventional power 

plants. 

4.1.3.6 Challenges 
ft 

However the DC integration into the distribution systems create the challenges which 

are given below. 
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The output of some of the renewable energy sources such as wind, PV and con-

centrated solar are variable in nature and are difficult to predict. 

Connecting the DG to the distribution feeder introduces a source of energy at that 

point. This increases the fault level in the distribution system and complicates the 

protection schemes. 

The key technical issues for the integration of DG to the grid are protection and 

islanding, reliability, metering, operational protocols for connection and discon-

nection, supply quality, and the management of reactive power. 

4.2 Application of HSA for the Optimal Power Loss Re-

duction 

4.2.1 For Fixed Load 

Here the loads are considered as Constant Power loads and the power loss reduction 

method is evaluated for fixed loading condition. The DG units andshunt reactive 

compensators are assumed to be constant power sources. The DG units which are 

iIjecting only real power are considered along with shunt reactive compensators at the 

same buses. If the DG is capable of injecting both real and reactive power then it is not 

required to install the shunt reactive compensator at that bus. 

In case of only DG, only capacitor or simnultaneoi.is DG and capacitor placement, the 

locations as well as sizes are the decision variables. Hence the nature of solution vec-

tor(harmony vector) is as follows: 

v = [Bus1. Bus2, BUS3, P1, P2, P] - For DG Placement 

v = (Busi , Bus), Bus:i, Q, Q2. Q31 - For Capacitor Placement 

v = [Busi , B1182.  P1.  Q. P27 Q21 - For siiuultaneous DG and Capacitor Placement 

In case of the network reconfiguration, the tie switch positions are the decision variables. 

Hence the nature of solution vector is as follows: 

v = [SW1 , SW2, SW.3, SW4, SW5 ] - With 5 tie lines 

In case of the simultaneous NR and DG and/or capacitor placement the bus locations 

are taken from the best bus locations of the only DG placement case to reduce the 

complexity of the problem. Here the open switch positions and sizes of the DG units 
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and or capacitors are the decision variables. Hence the nature of solution vector is as 

follows: 

v = [SW1, SW2, SW3. SW4, SW5, P1, P2, P3 ] - For NR and DG Placement 

v = [SW1, SW2, SW3. SW4, SW5, Qi Q2, Q] - For NR and Capacitor Placement 

v = [SW1, SW2, SW3, SW4, SW5, Pi . Qj, P2, Q21 - For NR, DG and Capacitor Placement 

The test systems considered here are IEEE-33 bus and IEEE-69 bus radial distribution 

systems with 5 tie lines each. The substation voltage is 12.66 W. The total load on 

33 l)US system is 3.715 MW + 2.3 MVAR with toal power loss of 211 kW. The total 

load in case of 69 bus system is 3.802 MW + 2.694 MVAR with toal power loss of 

225 kW. The objective flinction to be minimized is the total power loss. The number 

of DG units and capacitors considered are 1, 2 and 3 resp. The parameters set in HSA 

arc HMS=20, HMCR=0.9, PAR=0.4, NI=500. Minimum DG size considered is 250 

kW and the maximimni upto 100 % of the total load with bandwidth of 40 kW. The 

constraints considered are as follows: 

Bus voltage constraints: 0.90 < V < 1.05 

Line loading limits: in terms of maximum line currents 

Maximum DG and Capacitor Penetration: upto 100 % of the load 

Maximum number of DG or capacitors: 3 

With these HSA is implemented and the results obtained are discussed in chapter 5. 

4.2.2 For Varying Load 

4.2.2.1 Load Curves 

Actually the load on a distribution system does not remain constant and changes with 

time which is given by the daily load curve [3]. Again all the loads are not constant 

power loads but also consists constant current and constant impedance loads. Hence 

for the practical study residential, commercial and industrial loads are considered with 

load curves as shown in the fig.4.;3. 
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4.2.2.2 Load Model 

Here at each bus. the loads are modeled as voltage dependent polynomials which are 

given by eq.(4. 1) and (4.2) [35]. 

P = P()  A1, ( V  ) ± B1, +
VO 

c1, 
) 

(4.1) 

" 

Rvo )"q  
Q=QoAq( 

V
V +Bi( 

V 
+Cq 

) 

(4.2) 
Vo 

\\here  V0. .Po and Qo are the rated voltage. real and reactive poNver at rated voltage resp. 

A. B, C are the percentages of industrial. commercial and residential loads connected 

to each bus such that A + B + C = 1. The values of the exponents are given in the 

following table. 

[ Indlistri(il(o ) Conii.eiciai(3) Rcsidenfiai('y) 

P 

Q 

0.1 OM 1.7 

0.6 2.5 2.6 

1ABLE 4. 1: 'I'able of Values OF the Exponents in Polynomial Load Modets 

do 
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4.2.2.3 Load Interval 

It is not possible to find out the optimal configuration and sizes of the DG units and 

capacitors at each instant as the load is changing. Hence the total load interval is 

optimally divided by using HSA with the following objective function: 

L Ti 

F = Aliri. ((Pavg 
 - Pk)2  + (Qavg - (4.3) 

i=1 k=1 

Subjected to Ti = 24 (4.4) 

where, Pavg  and Qatg  are the average real and reactive demands at the load interval i. 

Pk and  Qk  are the active and reactive power demands at k - th hour of the load interval 

i. Ti is the total number of hours in the load interval i and L is the total number of 

load intervals. The procedure for the dynamic optimal power loss reduction is showii 

with the help of fig. .1.1 

4.2.2.4 Multiple Solutions With a Single Configuration 

Since the DLCs are considered and the load changes continuously, the main objective 

is to reduce the total energy loss over the entire clay. Once the load curve has been 

optimally divided into three intervals, the optimal solution for the energy loss recluctiomi 

by each method is to be found. Due to higher cost of the commutation devices, it is not 

possible to change the configuration of the chstribution system in each interval. Hence 

the optimal configuration of the distribution system considering the energy loss for the 

entire day is found and kept constant throughout the day. Since this is an operational 

planning issue. the DG and/or capacitor bus locations are fixed. Here the capacitors 

or the reactive power sources are to be ii:ecl if the DG can't suppiy reactive power and 

at the same buses. 1-lere the best locations from the power loss optimization results 

are chosen. The sizes of DG units and or capacitors for each interval and the optimal 

configuration for the entire clay is to be determined by using HSA. The loads considered 

- in fixed load condition are taken as peak loads in this case. At each bus 40% residential. 

35 % commercial and 25% industrial load is taken with polynomial load models. The 

results of each method for all the intervals implemented on IEEE-33 nad IEEE-69 bus 

distribution systems are discussed in chapter 5. 
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Systems 

4.2.3 For Varying Load with Varying DG output 

In case of the renewable energy sources such as solar PV, concentrated solar and wind 

turl)ines, the output is not fixed and changes as per the time of the day. Here though 

DGs are connected in the distribution system, they do not inject the power into the 

distribution feeders throughout the day. Hence the energy loss reduction and the voltage 

profile improvement in such cases is a complex issue. The fig. 1.5 shows the typical 

variation of the solar PV output throughout the day. 

For this type of of condition the energy loss reduction techniques are capacitor placement. 

YR and simultaneous NR and capacitor placement since the DGs has been already 
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FIC:tTRE LS: Generation Profile of A 'lvpical Solar PV Unit [39 

coiiiieeted in the distribution syst.ciiis. Here three solar PV units of the optimal peak 

sizes 802 kW. 1075 kW and 1064 kW are considered in IEEE-33 bus system at the 

buses 13. 24 and 30 resp. Iii case of IEEE-69 bus system. three PV units of the optimal 

peak sizes 563 kW, 346 kW and 1716 kW are considered at the buses 11, 18 and 61 

resp. In the load flow, the candidate buses are considered as PQ buses with negative 

generation [36]. Here the load curve is (livided into three intervals depcncliiig upon the 

oUt.J)ut of DC units. The loads considered in fixed load condition are taken as peak loads 

in this case. At each bus 40 % residential. 35 % commercial and 25 /c industrial load is 

considered with polynomial load model. The bus locations for the capacitor placement 

are assumed to he the same as the DG locations. The results of the three methods are 

(lisdllSse(1 in chapter s. 
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Results and Discussions 

5.1 Fixed Load Condition 

5.1.1 Only Capacitor Placement 

The table 5. 1 shows the reduction in power loss in IEEE-33 bus radial distribution 

system due to installation of 1, 2 and 3 capacitors resp. Here the capacitors literally 

does not mean only capacitor hut the source of reactive power. The optimal location 

for installation of single capacitor is bus no. 30 and the size is 1258 kVAR. With this, 

the power loss reduces from 211 kW to 151.38 kW i.e. 28.26 %. With two capacitors at 

bus 12 and 30 of sizes 465 and 1063 kVAR, the power loss reduces upto 32.78%. The 

maximum power loss reduction is 34.47 % with three capacitors at buses 13, 24 and 30 

TABLE 5. 1: Results of Capacitor Placement. in IEEE-33 Bus System 

No. Of 
Capacitors 

Bus Location Size 
(kVAR) 

Total 
Size 

(kVAR) 

Total Power 
Loss (kW) 

Reduction 
In Power 
Loss (%) 

No Capacitor - - - 211.00 - 

I Capacitor 30 1258 1258 151.38 28.26 

2 Capacitors 30 1063 1528 141.84 32.78 

12 465 

3 Capacitors 30 1042 1933 138.27 34.47 

24 533 

13 388 

32 
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TABLE 5.2: Results of Capacitor Placement in IEEE-69 Bus System 

No. Of 
Capacitors 

Bus 
Location 

Size (kVAR) Total 
Size 

(kVAR) 

Total Power 
Loss (kW) 

Reduction 
In Power 
Loss (%) 

No Capacitor 
-__- 

- - 224.96 - 

1 Capacitor 61 1330 1330 [ 152.00 32.44 

2 Capacitors 12 568 1813 146.59 34.84 

61 1245 

3 Capacitors 18 305 1948 145.47 35.34 

61 1205 

53 438 

of sizes 388, 533 and 1042 kVAR resp. Beyond this reduction in loss is less as conipared 

to additional installed capacity. 

The table 5.2 shows the reduction in power loss in IEEE-69 bus radial distribution system 

due to installation of 1. 2 and 3 capacitors resp. The optimal location for installation 

of single capacitor is bus no. 61 and the size is 1330 kVAR. With this, the power loss 

reduces from 225 kW to 152 kW i.e. 32.44 %. With two capacitors at bus 12 and 61 

of sizes 568 and 1245 kVAR, the power loss reduces upto 34.84%. The maximum power 

loss reduction is 35.34 % with three capacitors at buses 18, 53 and 61 with sizes 305, 

438 and 1205 kVAR resp. Here the total installed size is 1948 kVAR. 

5.1.2 Only DG Placement 

The table 5.3 shows the reduction in power loss in IEEE-33 bus radial distribution system 

due to installation of 1, 2 and 3 DG units resp. The optimal location for installation of 

single DC unit is bus no. 6 and the size is 2590 kW. With this, the power loss reduces 

from 211 kW to 111 kW i.e. 47.39 %. With two DC units at bus 12 and 30 of sizes 960 

and 1109 kW, the power loss reduces upto 58.65%. The maximum power loss reduction 

is 65.50 % with three DC units at buses 13, 24 and 30 of sizes 802, 1075 and 1064 kW 

resp. Here the total installed DG size is 2941 kW which is 79.61 % of the total active 

power demand on the distribution system. 

The table 5.1 shows the reduction in power loss in IEEE-69 bus radial distribution system 

due to installation of 1, 2 and 3 DG units resp. The 01)tiiflal  location for installation of 

single DC unit is bus no. 6 and the size is 1872 kW.With this, the power loss reduces 

from 225 kW to 83.19 kW i.e. 63.03 %. With two DC units at bus 12 and 61 of sizes 813 

and 1735 kW, the power loss reduces upto 67.78%. The maximum power loss reduction 
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TABLE 5.3: Results of DG Placement in IEEE-33 Bus System 

No. Of DG Bus 
Location 

Size(kW) Total DG 
Size(kW) 

Total Power 
Loss (kW) 

% Loss 

Reduction 

No DG - - 211.00 - 
I DG 6 2590 2590 111.00 47.39 

2DG 30 1109 2069 87.25 58.65 

12 960 

3 DG 13 802 2941 72.79 65.50 

30 1064 

24 1075 

is 69.14 % with three DG units at buses 11. 21 and 61 of sizes 563, 346 and 1716 kW 

resp. Flere the total installed DC size is 2625 kW which is 69.04 % of the total active 

power demand on the distribution system. 

5.1.3 Only Network Reconfiguration 

The results of the network reconfiguration in IEEE-33 and IEEE-69 bus radial dis-

tribution systems are shown in the table 5.5. In case of 33 bus system there are 32 

sectionalizing and 5 tie switches. In base case with all the tie lines open, the total power 

loss is 211 kW. By applying HSA, tie switch numbers in the optimal configuration are 

7. 91  14, 32, 28. The power loss get reduced from 211 kW to 139.98 kW which is 33.66 

In case of 69 bus system there are 68 sectionalizing and 5 tie switches. In base case 

with all the tie lines open, the total power loss is 225 kW. By applying HSA, tie switch 

numbers in the optimal configuration are 13, 18, 56, 61, 69. The power loss get reduced 

from 225 kW to 105.19 kW which is 53.25 %. 

TABLE 5.4: Results of DG Placement in IEEE-69 Bus System 

No. Of DG Bus 
Location 

Size(kW) Total DG 
Size 
(kW) 

Total Power 
Loss (kW) 

% Loss 

Reduction  

No DG - - 224.96 - 
I DG 61 1872 1872 83.19 63.03 

2 DG 12 813 2548 72.50 

1735  

67.78 

61 
3 DG 21 346 2625 69.43 69.14 

61 1716 
11 563 



Chapter 5. Results and Discussions 35 

TABLE 5.5: Results of Network Reconfiguration 

System Case Tie Power % 
Switch Loss Reduction 
Numbers (kW) in Loss 

33 Bus Base 33,34,35,36,37 211.00 - 

Optimal 7,9,14,32,28 139.98 33.66 
Configuration  

69 Bus Base 69,70,71,72,73 294.96 - 

Optimal 13,18,56,61,69 105.19 53.25 
Con figuration  

5.1.4 Simultaneous Network Reconfiguration and Capacitor Placement 

The results of simultaneous network reconfiguration and capacitor placement in IEEE-

33 and IEEE-69 l)lls radial distribution systems are shown in the table 5.6. In case of 33 

l)US system, the tie switch numbers in the optimal configuration with a single capacitor 

are 7, 9, 14, 36, 37 and the capacitor size being 1071 kVAR at the bus 30. The power 

loss get reduced from 211 kW to 101 kW which is 52.13 % reduction. The tie switch 

numbers in the optimal configuration with two capacitors are 7, 9, 14, 36, 37 and the 

capacitor sizes being 1061 kVAR at the bus 30 and 390 kVAR at the bus 12. The power 

loss get reduced from 211 kW to 96.27 kW which is 54.37 % reduction. The tie switch 

numbers in the optimal configuration with a three capacitors are 7, 9, 14, 36, 37 and the 

capacitor sizes being 999 kVAR at the bus 30, 302 kVAR at the bus 13 and 494 kVAR 

at the bus 24. The power loss get reduced from 211 kW to 93.25 kW which is 55.81 % 

reduction. 

In case of 69 hits system, the tie switch numbers in the optimal configuration with a 

single capacitor are 14, 42, 45, 55, 64 and the capacitor size being 894 kVAR at the bus 

61. The power loss get reduced from 225 kW to 95.30 kW which is 57.64 % reduction. 

The tie switch numbers in the optimal configuration with two capacitors are 12, 18, 42, 

53, 62 and the capacitor sizes being 991 kVAR at the bus 61 and 981 kVAR at the bus 

17. The power loss get reduced from 225 kW to 92 kW which is 59.11 % reduction. 

The tie switch numbers in the optimal configuration with a three capacitors are 14, 16. 

42, 52, 62 and the capacitor sizes being 916 kVAR at the bus 61, 402 kVAR at the bus 

18 and 713 kVAR at the bus 1. The power loss get reduced from 211 k\V to 83.54 kW 

which is 62.87 % reduction. 
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TABLE 5.6: Results of Simultaneous Network Reconfiguration and Capacitor Place- 
inemit 

System Case Capacitor Size Tie Switch Power % 
(kVAR) Numbers Loss Reduction 

(kW) in Power 
Loss 

33 Bus Base - 33,34,35,36,37 211.00 - 

System NR+ I 1071(30) 7,9,14,36,37 101.00 52.13 
Capacitor  

NR±2 390(12), 7,9,14,36,37 96.27 54.37 
Capacitors 1061(30)  

NR + 3 494(24)1302(13), 7,9,14,36,37 93.25 55.81 
Capacitors 999(30)  

69 Bus Base - 69,70,71,72,73 294.96 - 

System NR+ I 894(61) 14,42,45,55,64 95.30 57.64 
Capacitor  

NR + 2 981(17),991(61) 12,18,42,53,62 92.00 59.11 
Capacitors 

NR ± 3 713(1 l),402(18), 14,16,42,52,62 83.54 62.87 
Capacitors 916(61) 

5.1.5 Simultaneous Network Reconfiguration and DG Placement 

The results of simultaneous network reconfiguration and DG placement in TEEE-33 and 

IEEE-69 bus radial distribution systems are shown in the table 5. 7. In case of 33 bus 

system, the tie switch numbers in the optimal configuration with a single DG are 10, 15, 

28, 33, 34 and the DG size being 1621 kW at the 1)1IS 30. The power loss get reduced 

from 211 kW to 83.03 kW which is 60.65 % reduction. The tie switch numbers in the 

optimal configuration with two DGs are 7. 9, 26, 32, 34 and the DG sizes being 1021 

kW at the bus 30 and 873 kW at the bus 12. The power loss get reduced from 211 

kW to 69.59 kW which is 67.02 % reduction. The tie switch numbers in the optimal 

configuration with three DGs are 7. 9. 28, 34. 36 and the DG sizes being 1046 kW at the 

bus 30, 960 kW at the bus 13 and 621 kW at the bus 24. The power loss get reduced 

from 211 kW to 59.83 kW which is 71.64 X reduction. 

In case of 69 I)lms system. the tie switch numbers in the optimal configuration with a 

single DG are 14,26,58,69.71 and the DG size being 1649 kW at the bus 61. The power 

loss get reduced from 225 kW to 56 k\V which is 73.46% reduction. The tie switch 

numbers in the optimal configuration with two DGs are 13, 35, 44, 56, 64 and the DG 

sizes being 1381 kW at the bus 61 and 996 kW at the bus 17. The power loss get reduced 

from 225 kW to 49.01 kW which is 78.22 % reduction. The tie switch numbers in the 

optimal configuration with three DGs are 13, 35, 44, 56, 64 and the DC sizes being 1557 
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TABLE 5.7: Results of Simultaneous Network Reconfiguration and DG Placement 

System Case DG Size (kW) Tie Switch 
Numbers 

Power 
Loss 
(kW) 

% 
Reduction 

in Loss 
33 Bus Base 33,34,35,36,37 211.00 - 
System NR -- I DG 162 1(30) 10,15,28,33,34 83.03 60.65 

NR + 2 DG 873(12),1021(30 7,9,26,32,34 69.59 67.02 

NR+3 DG 621(24),960(13), 
1046(30)  

7,9,28,34,36 59.83 71.64 

69 Bus Base - 69,70,71,72,73 224.96 - 
System NR+ 1 DG 1649(61) 14,26,58,69,71 56.00 73.46 

NR + 2 DG 996(17), 1381(61 13,35,44,56,64 49.01 78.22 

NR+3 DG1306(11),884(18), 
1557(61)  

13,35,44,56,64 48.84 78.29 

kW at the bus 61, 884 kW at the 1)115 18 and 306 kW at the bus 11. The power loss get 

reduced from 225 kW to 47.84 kW which is 78.74 % reduction. 

5.1.6 Simultaneous DG and Capacitor Placement 

The table 5.8 shows the reduction in power loss in IEEE-33 bus radial distribution 

system due to simultaneous installation DG units and capacitors. Here the capacitor 

means the source of reactive power. For the DG capable of injecting both real and 

reactve power, capacitor placement is not required. In case DOs injecting only real 

power, the capacitors are installed at the same l)1IS location. The optimal location for 

installation of single DG unit and capacitor is hu.s no. 6 and the sizes are 2526 kW and 

1761 kVAR i.e. the p.f. of 0.8235. With this, the power loss reduces from 211 kW to 

67.87 kW i.e. 67.83 %. With two DG units and two capacitors at bus 13 and 30 of 

sizes 841 kW audI 412 kVAR. 1165 kW and 1042 kVAR. resp. the power loss reduces 

upto 86.47%. The maximum power loss reduction is 94.27 % with three DC units and 

three capacitors at buses 13, 24 and 30 of sizes 772 kW and 401 kVAR, 976 kW and 589 

kVAR and 1074 kW and 944 kVAR resp. 

The table 5.9 shows the reduction in power loss in IEEE-GO bus radial distribution system 

(lue to installation of 1, 2 and 3 DG units resp. The optimal location for installation of 

- single DG unit and capacitor is bus no. 61 and the sizes are 1833 kW and 1302 kVAR 

i.e. the p.f. of 0.8153. With this, the power loss reduces from 225 kW to 23.14 kW i.e. 

89.72 %. With two DG units and two capacitors at bus 17 and 61 of sizes 512 kW and 

355 kVAR, 1746 kW and 1224 kVAR resp. the power loss reduces upto 96.80%. The 
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TABLE 5.8: Results of Simultaneous DG and Capacitor Placement in IEEE-33 Bus 
Distribution System 

Case Bus 
Location 

Size p.f. Total 
Loss 
(kW) 

Reduction 

In loss (%) DG(kW) Capacitor 
(kVAR) 

NoDG - - 211.00 - 

I DG+ IC 6 2556 1761 0.8235 67.87 67.83 

2 DG+ 2C 30 1165 1042 0.7453 28.54 86.47 

13 841 412 0.8980 

3 DG+3C 13 772 401 0.8874 12.07 94.27 

24 976 589 0.8561 

30 1074 944 0.7511 

maximum power loss reduction is 98.08 % with three DG units and three capacitors at 

buses 11, 18 and 61 of sizes 538 kW and 293 kVAR, 377 kW and 261 kVAR and 1676 

kW and 1206 kVAR resp. 

5.1.7 Simultaneous NR, DG and Capacitor Placement 

The results of integration of all the power loss reduction techniques i.e. simultaneous 

network reconfiguration, DG and capacitor placement are shown in the table . 10. In 

case of IEEE-33 bus system, the tie switches in the optimal configuration are 7, 9, 17. 

TABLE 5.9: Results of Simultaneous l)G and Capacitor Placeiiient in IEEE-69 Bus 
l)ist.rihution System 

Case Bus 
Location 

Size p.1. Total Power 
Loss (kW) 

(kVAR)  

Reduction In 

Loss (%) DG(kW) Capacitor 

No DG - - 224.96 - 

I DG+ IC 61 1833 1302 0.8153 23.14 1 89.72 

2DG+2C 61 1746 1224 0.8188 7.21 96.80 

17 512 355 0.8218 

3 DG+3C 18 377 261 0.8221 4.32 98.08 

11 538 293 0.8782 

61 1676 1206 0.8117 
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TABLE 5.10: Results of Simultaneous NR, DG and Capacitor Placement 

System Case DG Capacitor Tie Switches Total % 
Size Size Power Reduction 
(kW) (kVAR) Loss(kW) in Power 

Loss 
33 Bus Base - 

- 33,34,35,36,37 211.00 - 

System 
NR+3DG±3C 948(24), 524(24), 7,9,17,23,35 13.93 93.40 

680(13), 436(13), 
1045(30) 880(30)  

69 Bus Base - 
- 69,70,71,72,73 224.96 - 

System 
NR+3DG+3C 450(11), 360(11), I3,17,58,61,69 9.32 95.86 

332(18), 267(18), 
1069(61) 826(61)  

23, 35. The candidate buses are 13, 24 and 30. The DG sizes are 680. 948 and 1045 kW 

resp. The capacitor sizes are 436, 524 and 880 kVAR resp. The power loss get reduced 

from 211 kW to 13.93 kW i.e. 93.40 % reduction in power loss. 

In case of IEEE-69 bus system, the tie switches in the optimal configuration are 13, 17, 

58, 61, 69. The candidate buses are 11, 18 and 61. The DC sizes are 450, 332 and 

1069 kW resp. The capacitor sizes are 360. 267 and 826 kVAR resp. The power loss get 

reduced from 225 kW to 9.32 kW i.e. 95.86 % reduction in power loss. 

5.1.8 Comparison 

The comparison of various power loss reduction techniques in ternis of ininiuiuin bus 

voltage and % power loss reduction is shown in the table 5.11. In case IEEE-33 bus 

distribution system, the base case power loss is 211 kW with minimum bus voltage 

0.9038. If only capacitor placement is employed then the total power loss can be reduced 

upto 34.47 % and the minimum bus voltage is 0.9317. If only network reconfiguration is 

implemented then the total power loss cau be reduced upto 33.66 % and the minimum 

bus voltage is 0.9413. If only DG placement is implemented then the total power loss 

can be reduced upto 65.50 % and the minimum bus voltage is 0.9820. Simultaneous NR 

and capacitor placement results in power loss reduction upto 55.81 % and the minimum 

• 1)115 voltage 0.9593. Simultaneous NR and DC placement results in power loss reduction 

upto 71.64 90 and the minimum bus voltage 0.9863. Simultaneous capacitor and DG 

• placement results in power loss reduction upto 94.27 % and the minimum bus voltage 
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'fABLE 5.11: Comparison of Various Power Loss Reduction Techniques 

Case 33 Bus System 69 Bus System 

Power % Mm. Power Mm. 
Loss (kW) Reduction Bus Loss Reduction Bus 

In Voltage (kW) In Voltage 
Power Loss (pu.) Power Loss (p.u.) 

Base 211.00 - 0.9038(18) 224.96 - 0.9092(65) 

Only 138.27 34.47 0.9317(18) 145.47 35.34 0.9316(65) 
Capacitor 
Placement  

Only NR 139.98 33.66 0.9413(32) 105.19 53.25 0.9495(61) 

Only DG 72.79 65.50 0.9820(18) 67.62 68.98 0.9789(65) 
Placement 
NR+ 93.25 55.81 0.9593(33) 83.54 62.87 0.9623(62) 

Capacitor  

NR+DG 59.83 71.64 0.9863(33) 47.84 78.74 0.9725(64) 

DG ± Capacitor 12.07 94.27 0.9894(8) 4.32 98.00 0.9943(50) 

NR+DG+ 13.93 93.40 0.9863(18) 9.32 95.86 0.9845(62) 
Capacitor  

0.9894. Simultaneous implementation of all the three methods result in power loss 

reduction upto 93.40 % and the ininimuni bus voltage 0.9863. 

In case IEEE-69 bus (listribution system, the base case power loss is 225 kW with 

minimum bus voltage 0.9092. If only capacitor placement is employed then the total 

power loss can be reduced upto 35.34 % and the minimum bus voltage is 0.9316. If only 

network reconfiguration is implemented then the total power loss can be reduced upto 

53.25 % and the ininirnuni bus voltage is 0.9495. If only DG placement is implemented 

then the total power loss can be reduced upto 68.98 % and the minimum bus voltage is 

0.9789. Simultaneous NR and capacitor placement results in power loss reduction upto 

62.87 % and the minimum bus voltage 0.9593. Simultaneous NR and DG placement 

results in power loss reduction upto 78.74 % and the minimum bus voltage 0.9725. 

Simultaneous capacitor and DG placement results in power loss reduction upto 98.00 

% and the minimum bus voltage 0.9943. Simultaneous inipleineiitation of all the three 

methods result in power loss reduction upto 95.86 % and the minimum I)LIS voltage 

0.9845. 

The pivot charts of comparison of all the power loss reduction methods in terms of % 

power loss reduction and minimum bus voltage are shown in the fig. 5.1 and 5.2 resp. 
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FIGURE 5.1: Comparison of Methods iii terms of % Power Loss Reduction 

5.1.9 Voltage Profile Improvement 

The coulparisoil of voltage profile improvement due to various power loss reduction 

methods is shown in the fig. 5.3 for IEEE-33 bus systeimi and the fig. 5.4 for IEEE-69 

buS radial distribution system. 
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- FIGuRE 5.2: Comparison of Methods in terms of Miniimium Bus Voltage 
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5.2 Varying Load Condition 

Here the optimal division of t lie load curve is [ .5 11 8 ] ffrs. The average real and 

reactive power deinatid at eitcli bus (luring t he above three optimal intervals in per unit 

of peak load is [ 0.3597 0.7207 0.6397 1 ali(l [ 0.3346 0.5274 0.4398 1  resp. The results 

of each lfletho(l are (lisciiss('(l l)elo\V. 
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TABLE 5.12: Base Case of Varying Load 

System Energy Loss 
(kWh)  

Total Energy 
Loss (kWh) 

Minimum Bus 
Voltage 

33 Bus 144.90 1779.30 0.9625(18) 
1052.20 0.93 15(18) 
582.20  0.9403(18) 

69 Bus 148.46 1815.20 0.9685(65) 
1072.10 0.9407(65) 
594.6  0.9479(65) 

5.2.1 Base Case 

Table 5.12 shows the base case of the varying load condition when the load curve is 

• divided into 5, 11 and 8 hrs. In case of 33 bus system, the total energy loss is 1779.3 

kWh. The highest energy loss is in second interval and equal to 1052.20 kWh with 

• lowest l)US voltage of 0.9315 p.u. at bus 18. In case of 69 bus system, the total energy 

loss is 1815.20 kWh. The highest energy loss is in second interval and equal to 1072.10 

kWh with lowest bus voltage of 0.9407 p.u. at bus 65. 

5.2.2 Only Capacitor Placement 

Table 5.13 shows the results of capacitor placement with the varying load condition. 

The amounts of reactive power to be injected at each candidate l)US during each interval 

are shown in the table 5.13. In case of 33 bus system, the total optimal energy loss 

TABLE 5.13: Results of Capacitor Placement with Varying Load 

System Base Capacitor Placement Case % Energy 
Case Loss 

Size (kVAR) Candidate Energy Mm. Bus Energy Reduction 
Loss Buses Loss Voltage 

(kWh) (kWh) (Bus) 

33 Bus 144.90 190.14, 392.29, [13 24 30] 88.945 0.9732 26.55 
363.69  (18) 

1052.2 324.23, 568.30, 777.86 0.9482 
445.27  (18) 

582.20 303.26, 461.65, 440.10 0.9553 
348.13  (18)  

69 Bus 148.46 267.52, 179.13. [11 18 61] 1 91.050 0.9745 26.57 
363.88  (65) 

1072.1 387.83.206.97, 786.66 0.9489 
590.49  (65) 

594.6 249.43, 185.33, 455.14 0.9549 
539.34 1 (65)  
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reduction is 26.55 % with improvement in minimum voltage from 0.9315 p.u. in base 

case to 0.9482 p.u. at bus 18. In case of 69 bus system, the total optimal energy loss 

reduction is 26.57 % with improvement in minimum voltage from 0.9407 p.u. in base 

case to 0.9489 p.u. at bus 65. 

5.2.3 Only DG Placement 

Table 5.11 shows the results of DG placement with the varying load conclitiomi. The 

amounts of real power to be injected at each candidate l)uS during each interval are 

shown in the table 5.14. In case of 33 bus system, the total optimal energy loss reduction 

is 58.64 % with improvement in minimum voltage from 0.9315 p.u. in base case to 0.9704 

p.u. at bus 18. In case of 69 bus system, the total optimal energy loss reduction is 60.23 

% with improvement in minimum voltage from 0.9407 p.11. in base case to 0.9788 p.u. 

at l)US 65. 

5.2.4 Only Network Reconfiguration 

rrable 5.15 shows the results of NR with the varying load condition. In case of 33 bus 

system, the tie switch numbers in the optimal configuration are 7,9,14.32.37 and the 

total optimal energy loss reduction is :11.10 % with improvement in minimum voltage 

from 0.9315 p.u. at bus 18 in base case to 0.9575 p.u. at bus 33. In case of 69 bus 

system, the tie switch numbers in the optimal configuration are 9,16,71.62,58 and the 

TABLE 5.14: Results of DG Placement with Varying  Load 

System Base DG Placement Case % Energy 
Case 

Energy 
Loss 

(kWh) 

Loss 
Reduction 

Size (kW) Candidate 
Buses 

Energy 
Loss 

(kWh) (Bus) 
 

Mm. Bus 
Voltage 

33 Bus 144.90 285.58, 282.63, [132430] 75.819 0.9829 58.64 
348.45 (18) 

1052.20 519.21, 702.74, 435.78 0.9704 
682.62  (18) 

582.20 474.71, 677.06, 224.32 0.9754 
590.91  (18)  

69 Bus 148.46 168.55. 105.19, [11 18 61] 74.550 0.9904 60.23 
593.35  (65) 

1072.10 637.06, 220.49, 431.39 0.9788 
950.92  (65) 

594.6 300.08, 300.60, 215.95 0.9828 
907.72  (65)  
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TaBLE 5.15: Results of Network Reconfiguration with Varyiiig Load 

System Base Case 
Energy 

Loss 
(kWh) 

Network Reconfiguration Case % Energy 
 Loss 

Reduction 

(Bus)  

Tie Switches In Optimal 
Con figuration 

Energy 
Loss 

(kWh) 

Mm. Bus 
Voltage 

33 Bus 144.90 7.9.14.32.37 99.875 0.9764(33) 31.10 

0.9631(33)  

1052.2 725.60 0.9575(33) 
582.20  400.49 

69 Bus 148.46 9.16.71.62.58 81.637 0.9804(62) 44.73 

0.9692(62)  

1072.1 59.383 0.9645(62) 
594.6  327.69 

total optimal energy loss reduction is 44.73 % with improvement in iniiiimuiii voltage 

from 0.9315 p.u. at bus 65 in base case to 0.9645 p.u. at bus 62. 

5.2.5 Simultaneous NR and Capacitor Placement 

Table 5. 16 shows the results of the simultatteous NR and capacitor placement with the 

varying load condition. The amounts of reactive power to he injected at each candidate 

bus during each interval are shown in the table 3. 16. In case of 33 bus system, the tie 

switch numbers in the optimal configuration are 7,11, 28,34,36 and the total optimal 

energy loss reduction is 46.27 % with improvement in minimiun voltage from 0.9315 p.u. 

at bus 18 in base case to 0.9700 p.u. at bus 33. In case of 69 bus system, the tie switch 

numbers in the optimal configuration are 16,38,43,58.61 and the total optimal energy 

loss reduction is 55.48 % with improvement in minimum voltage from 0.9315 p.u. at bus 

65 in base case to 0.9732 p.u. at bus 62. 

'['AnLE 5.16: Results of Simultaneous NR and Capacitor Placement with Varyiiig Load 

System Base Simultaneous NR and Capacitor Placement Case % Energy 
Case Loss 

Energy Tie Switches Capacitor Size Candidate Energy Mm. Bus Reduction 
Loss In Optimal (kVAR) Buses Loss Voltage 

(kWh) Configuration  (kWh) (Bus)  

33 Bus 144.90 7,11,28.34.36 224.49.462.83 [132430] 66.507 0.9849 46.27 
188.42  (33) 

1052.2 442.81.345.19 570.39 0.9700 
440.33  (33) 

277.04,317.62 582.20 319.06 0.9746 
413.98  (33)  

69 Bus 148.46 16,38,43,58.61 338.53,178.48 [1118 61] 55.441 0.9863 55.48 
372.38  (62) 

1072.1 568.03,278.35 483.40 0.9732 

549.31  (62) 

594.6 288.67,25 1.95 269.29 0.9757 

553.74  (62)  

ow 
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TABLE 5.17: Results of Simultaneous NR and DG Placement with Varying Load 

System Base Simultaneous NR and DG Placement Case % Energy 
Case 

Energy 
Loss 

Tie Switches 
In Optimal 

Configuration 

DG Size (kW) 

(kWh)  

Cand. 
Buses 

Energy 
Loss 

(kWh) 

Mm. Bus 
Voltage 
(Bus) 

Loss 
Reduction 

33 Bus 144.90 7,9,17,34,37 236.43,339.51 [13 24 30] 56.039 0.9884 68.44 
383.12  (18) 

1052.2 471.37,559.36 334.63 0.9785 
694.23  (18) 

582.20 402.26,694.42 170.86 0.9836 
655.72  (18)  

69 Bus 148.46 11,16,41,54,61 182.59,268.34 [11 18 611 52.598 0.9893 71.22 
446.89  (62) 

1072.1 598.02,358.03 313.25 0.9778 
826.04  (62) 

594.6 305.85,474.98 156.52 0.9840 
817.26  (62)  

5.2.6 Simultaneous NR and DG Placement 

Table 5. [7 shows the results of the simultaneous NR and capacitor placement with the 

varying load condition. The amounts of real power to he injected at each candidate bus 

(luring each interval are shown in the table 5.17. In case of 33 bus system, the tie switch 

numbers in the optimal configuration are 7,9,17,34.37 and the total optimal energy loss 

reduction is 68.44 % with improvement in minimum voltage from 0.9315 p.u. in base 

case to 0.9785 p.u. at bus 18. In case of 69 bus system, the tie switch numbers in the 

optimal configuration are 11.16.41,54,61 and the total optimal energy loss reduction is 

71.22 % with improvement in minimum voltage from 0.9315 p.u. at bus 65 in base case 

to 0.9778 p.u. at bus 62. 

5.2.7 Simultaneous DG and Capacitor Placement 

Table shows the results of simultaneous DG and capacitor placement with the 

varying load condition. The amounts of real and reactive power to be injected at each 

candidate i)lls during each imiterval are shown in the table 5. 19. In case of 33 bus system, 

the total optimal energy loss reduction is 92.04 % with improvement in minimum voltage 

from 0.9315 p.u. in base case to 0.9930 p.u. at bus 18. In case of 69 bus system, the 

total optimal energy loss reduction is 95.35 % with improvement in minimumvoltage 

from 0.9407 p.u. in base case to 0.9934 p.u. at bus 65. 
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'FABLE 5.18: Results of Simultaneous DC and Capacitor Placement with Varying Load 

System Base Simultaneous DG and Capacitor Placement Case % Energy 
Case Loss 

Energy 
Loss 

Reduction DG Size 
(kW) 

Capacitor 
Size (kVAR) 

Candidate 
Buses 

Energy 
Loss 

Mm. Bus 
Voltage 

(kWh)  (kWh) (Bus)  

33 Bus 144.90 286.25,382.3 253.77,253.8 [13 24 30] 12.157 0.9963 92.04 
7380.86 369.07  (18) 

1052.2 556.58,764.6 414.67,557.5 83.372 0.9930 
6744.30 537.40  (18) 

582.20 487.43,663.9 349.16,479.6 46.058 0.9940 
8679.14 454.26  (18)  

69 Bus 148.46 412.5, 142.1, 17.6, 235.9, [11 18611 16.853 0.9945 95.35 
514.6 343.8  (65) 

1072.1 484.3, 362.5, 232.4, 235.9, 43.625 0.9934 
1089.1 724.2  (65) 

594.6 469.4, 240.9, 302.1, 181.5, 23.831 0.9923 
902.1 618.0  (65)  

5.2.8 Simultaneous NR, DG and Capacitor Placement 

Table 5.19 shows the results of the simultaneous NR., DG and capacitor placement with 

the varying load condition. The amounts of real and reactive power to be injected at 

each candidate bus during each interval are shown in the table 5.19. In case of 33 bus 

system, the tie switch numbers in the optimal configuration are 7,10.21,36,26 and the 

TABLE 5.19: Results of Simultaneous NR, DC and Capacitor Placement, with Varying 
Load 

System Base Simultaneous NR, DG and Capacitor Placement Case % Energy 
Case Loss 

Energy Reduction Tie DG Cap. Cand. Energy Mm. 
Loss Switches Size Size Buses Loss Bus 

(kWh) In (kW) (kVAR) (kWh) Voltage 
Optimal (Bus) 

Con fl  

33 Bus 144.90 7,10,21, 291.24 272.56 (13,24, 12.244 0.9954 91.56 
36,26 346.84 387.29 30) (18) 

351.78 26.49 
______ 

 

1052.2 585.68 428.14 89.898 0.9918 
641.52 636.96 (18) 
793.15 404.53  

582.20 525.49 351.40 48.009 0.9929 
643.10 394.68 (18) 
630.29 458.13  

69 Bus 148.46 11,16,35, 229.07 302.62 (11,18, 8.3232 0.9945 93.25 
57,63 239.82 214.08 61) (64) 

504.35 456.83  

1072.1 302.49 293.17 82.418 0.9926 
558.52 491.50 (64) 
848.28 904.98  

594.6 478.49 287.09 31.838 0.9923 
444.43 305.22 (64) 
926.00 632.43  
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total optimal energy loss reduction is 91.56 % with improvement in minimum voltage 

from 0.9315 p.u. in base case to 0.9918 p.u. at bus 18. In case of 69 bus system, the 

tie switch numbers in the optimal configuration are 11,16,35,57,63 and the total optimal 

energy loss reduction is 93.25 % with improvement in minimum voltage from 0.9315 p.u. 

at bus 65 in base case to 0.9926 p.u. at bus 64. 

5.2.9 Comparison 

Table 3.20 shows the comparison of all the energy loss reduction methods with varying 

load. In case of IEEE-33 bus distribution system, if only capacitor placement is employed 

then the total energy loss can be reduced upto 26.55 %. If only network reconfiguration 

is implemented then the total energy loss can be reduced upto 31.10 %. If only DC 

placement is implemented then the total energy loss can be reduced upto 58.64 %. 

Simultaneous NR and capacitor placement results in energy loss reduction upto 46.27 

%. Simultaneous NR and DC placement results in energy loss reduction upto 68.44 %. 

Simultaneous capacitor and DC placement results in energy loss reduction upto 92.04 

%. Simultaneous implementation of all the three methods result in energy loss reduction 

upto 91.56 %. 

In case IEEE-69 bus distribution system, if only capacitor placement is employed then 

the total energy loss can be reduced upto 26.57 %. If only network reconfiguration 

TABLE 5.20: Comparison of Energy Loss Reduction Techniques with Varying Load 

Case 33 Bus System 69 Bus System 

% Reduction In Energy 
Loss 

% Reduction In Energy 
Loss 

Capacitor 
Placement 

26.55 26.57 

NR 31.10 44.73 

DG Placement 58.64 60.23 

NR+ 
Capacitor  

46.27 55.48 

NR+DG 68.44 71.22 

DG + Capacitor 92.04 95.35 

NR±DG+ 
Capacitor 

91.56 93.25 
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is implemented thjeim the total energy loss can be reduced upto 11.73 ii . If only DC 

i)lacelllellt is illll)lelllellte(1 then time total energy loss can be 1edll('('(l upto 60.23 1X. 

Simultaneous \R and (al)acitor j)lacelll('llt results in energy loss reduction upto 55.48 

Vc . Simultaneous \R and DC I)litcelllelll results iii energy loss re(llmction upt() 71.22 %. 

Simultaneous capacitor and DC placemneiit results in energy loss reduction upto 95.35 

V. Simultaneous implement at ion of all the three nmetllo(ls result in energy loss reduction 

upto 93.25 W. 

The pivot chart of compariSon of all the energy loss reduction methods in terms of % 

energy loss reduction is shown in the fig. 5.5. 

Ihnainic Inergv I .oss ()plinhizalion 

 

CAPACITOR NT DC, TI A( I MI N NT. CAPACITOR NT + DO DO • CAPACITOR NR+DG.CAPACITOR 

PLACEMENT 

Fnirs I oss I4e,IiucI4or, I.Ihoil 

11:11.33 II. 'ssieu • II:FF-I Bus 51cm 

Vicunc 5.5: ( 'oinparison of Liiergv Loss Redumct ion Methods with Varying Load 

5.3 Varying Load with Varying DG Output Condition 

iii this case the the load curve is divide(l as [ 6 13 s 1 Hcs since the output of solar 

PV is available (luring the (lay time oimlv. The average real amid reactive power (le-

mnand at earli i)Ils (luring the above three optimal intervals iii per unit of peak-  load 

is [ 0.3691 0.7358 0.6129 j and  [ 0.3336 0.5276 0.4228 ] resp. Three DC (Solar PV 

units) of peak rating 802 kW. 1075 k\V and 1064 kW are connected in 33-bus system 

at the buses 13. 21 and 30 resp. Iii 69-bus system three DG of peak rating 563 kW, 346 

k'SV and 1716 kW are connected at the buses 11. 18 and 61 resp. These DC sizes are 

taken from the results of l)\\r  loss  oi)timnizatioli with only DC. Time average DC OUtJ)uit 

iii the second interval is 0.6448 pu. Time results of each method are (liscUssed below. 
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TABLE 5.21: Base Case of Varying Load with Varying DC Output 

System Without DG With DC % Energy 
Loss 

Energy Mm. Bus DG Size (Bus) Energy Mm. Bus Reduction 
Loss (kWh) Voltage Loss Voltage 

(Bus) (kWh) (Bus)  

33 Bus 179.86 0.9618 (18) 802(13). 1075(24), 179.86 0.9618 58.05 
1064(30)  (18) 

1279.6 0.9306 (18) 237.84 0.9718 
(18) 

334.93 0.9427 (18) 334.93 0.9427 
(18)  

69 Bus 184.26 0.9678 (65) 563(11), 346(18), 184.26 0.9678 61.38 
1716(61)  (65) 

1303.8 0.9397 (65) 180.78 0.9780 
(65) 

342.20 0.9501 (65) 342.20 0.9501 
(65)  

5.3.1 Base Case 
o 

Table 5.21 shows the base case of the varying load condition with the varying DC output. 

In case of 33 bus system, the total energy loss without connecting the DG is 1794.4 kWh. 

The highest energy loss is in second interval and equal to 1279.6 kWh with lowest bus 

voltage of 0.9306 p.".  at bus 18. In case of 69 bus system, the total energy loss is 1830.3 

kWh. The highest energy loss is in second interval and equal to 1303.8 kWh with lowest 

bus voltage of 0.9397 p.u. at bus 65. Here the energy loss in second interval is higher 

compared to the previous case l)ccause the length of the interval considered is more. 

After connecting the DC units of above mentioned sizes at the camlidate buses, the 

4 energy loss in case of 33 bus system reduces by 58.05 % as the DC output is available 

(luring peak load and the minimum bus voltage get improved from 0.9306 p.u. to 0.9718 

p.u. at bus 18. In case of 69 bus system, the energy loss reduces by 61.38 % and the 

mininuim bus voltage get improved from 0.9397 p.0to 0.9780 p.u. at bus 18. 

5.3.2 Capacitor Placement 

Table 5.22 shows the results of capacitor placement with the varying load and varying 

DC output condition. The amounts of reactive power to he injected at each candidate 

bus during each interval are shown in the table 5.22. In case of 33 bus system, the overall 

optimal energy loss reduction by both DC and capacitors is 68.71 % with improvement 

in mnimmimuni voltage from 0.9306 p.u. in base case to 0.9572 p.u. at bus 18. In case of 

69 bus system, the overall optimal energy loss reduction by 1)0th DC and capacitors is 
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TABLE 5.22: Results of Capacitor Placement with Varying Load and Varying DC 
output 

System Base Capacitor Placement Case Overall % 
Case 

Energy 
 Energy 

Loss Size Candidate Energy Mm. Bus 
Loss Buses Loss (kWh) Voltage Reduction 

(kWh)  (Bus)  

33 Bus 179.86 275.19. 305.99, [13 2430] 111.81 0.9748 68.71 
279.23  (18) 

237.84 138.60, 91.90, 196.85 0.9788 
193.31  (18) 

334.93 283.36, 3 11.70, 252.74 0.9572 
404.03  (18)  

69 Bus 184.26 132.91, 80.54, [111861] 110.04 0.9757 72.46 
555.49  (65) 

180.78 83.65, 101.80, 133.69 0.9818 
238.45  (65) 

342.20 278.00, 279.57, 260.42 0.9572 
423.72  (65)  

72.46 % with improvement in niiniinuiii voltage from 0.9397 p.11. case to 0.9572 
TRA( 

p.u. at bus 65. 

N4t4 

5.3.3 Network Reconfiguration / 
'<1 

Table 5.23 shows the results of NR with the varying load and varying DC output. In case 

of 33 bus system, the tie switch numbers in the optimal configuration are 7,9,34,36,28 

and the overall optimal energy loss reduction is 68.53 % with improvement in minimum 

voltage from 0.9306 p.11. in 1)ase case to 0.9629 p.u. at bus 18. In case of 69 bus 

system, the tie switch numbers in the optimal configuration are 9,18,14,61.58 and the 

total optimal energy loss reduction is 6.50 % with improvement in nminimumn voltage 

from 0.9397 p.11. at l)IIS 65 in base case to 0.9711 p.u. at bus 61. 

TABLE 5.23: Results of NR with Varying Load and Varying DC output 

System Base 
Case 

Energy 
Loss 

(kWh) 

Network Reconfiguration Case Overall % 
Energy 
Loss 

Reduction 
(Bus)  

- 

Tie Switches In Optimal 
Configuration 

Energy 
Loss 

 (kWh) 

Mm. Bus 
Voltage 

33 Bus 179.86 7,9,34,36,28 131.15 0.9748(18) 68.53 

P237.84 189.79 0.9807(l8) 

334.93  243.86 0.9629(18)  

69 Bus 

______ 

184.26 9.18.14.61.58 95.888 0.9805(61) 76.50 

180.78 155.87 0.9767(62) 

342.20  1.7833 0.9711(61)  

4 
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TABLE 5.24: Results of Simultaneous NR and Capacitor Placement with Varying Load 
- and Varying DC output 

System Base Simultaneous NR and Capacitor Placement Case Overall % 
Case Energy 

Energy 
Loss 

(kWh) 

Tie Switches 
In Optimal 

Conl 

Capacitor Size 
(kVAR) 

Candidate 
Buses 

Energy 
Loss 

 (kWh) 

Mm. Bus 
Voltage 
(Bus)  

Loss 
Reduction 

33 Bus 179.86 7,11,34,36,28 256.60,344.33 [132430] 83.105 0.9844 74.75 
235.53  (33) 

237.84 113.19,191.72 180.12 0.9829 
65.66  (II) 

334.93 258.04,517.07 189.83 0.9748 
503.39  (18)  

69 Bus 184.26 9,13,43,58,63 350.48,174.39 [1118 61] 67.76 0.9871 79.63 
324.62  (62) 

180.78 52.13, 233.01 121.36 0.9833 
134.93  (64) 

342.20 855.90,379.83 183.65 0.9762 
367.99  (62)  

5.3.4 Simultaneous Network Reconfiguration and Capacitor Placement 

Table 5.21 shows the results of the simultaneous NR and capacitor placement with the 

varying load and varying DG output con(htion. The amounts of reactive power to be 

injected at each candidate bus during each interval are shown in the table 5.21. In case 

of 33 bus system, the tie switch numbers in the optimal configuration are 7.11,34,36.28 

and the overall optimal energy loss reduction is 74.75 % with improvement in Imlinimum 

voltage from 0.9315 p.u.in base case to 0.9748 p.u. at bus 18. In case of 69 bus system, 

the tie switch numbers in the optimal configuration are 9,13,43,58.63 and the overall 

optimal energy loss reduction is 79.63 % with improvement in minimum voltage from 

0.9315 p.u. at bus 65 in base case to 0.9762 p.u. at bus 62. 

5.3.5 Comparison 

Table 5.25 shows the comparison of the energy loss reduction methods with varying load 

and varying DG output. In case of IEEE-33 bus distribution system, the energy loss 

reduction due to optimal DG placement is upto 58.05%. If the capacitor placement is 

employed in the presence of DG then the overall energy loss reduction is upto 68.51 %. If 

only network reconfiguration is implemented in the presence of solar PV then the overall 

ff energy loss can be reduced upto 68.31 %. Simultaneous NR and capacitor placement in 

the presence of solar PV results in energy loss reduction upto 74.75 %. 

S 

S 
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1'AJILE 5.25: Coinparisoii of Methods with Varying  Load and Varying DG output 

Case 33 Bus System 69 Bus System 

% Reduction In Energy % Reduction In Energy 
Loss Loss 

Base 58.05 61.38 
(DG)  

DG+ 68.71 72.46 
Capacitor  

DG + NR 68.53 76.50 

DG +NR ± 74.75 79.63 

Capacitor  

In case of IEEE-69 bus distribution system. the energy loss reduction due to optinial DG 

C placem i ent s upto 61.38/c. II the capacitor placement is employed in the presence of DG 

then the overall energy loss reduction is upto 72.46 We. If oniy network reconfiguration 

is implemented in the presence of solar PV then the overall energy loss can be reduced 

upto 76.5() %. Simultaneous Nfl and capacitor placement in the presence of solar PV 

results in energy loss reduction upto 79.63 %. 

The pivot chart of comparison of the energy loss reduction methods in terms of % energy 

loss reduction is shown in the fig. 5.6. 

I 

4 
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FIGURE 5.6: ('oinparisoim of Energy Loss Reduction Methods with Varying Load and 
va ryi img DG ott t pitt 
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Conclusions 

I 

As a planning issue, the simultaneous DG and capacitor placement is the best method 

for power loss reduction in the radial distribution systems. As an operational issue, the 

simultaneous network reconfiguration, DG and capacitor placement is the best method 

for power loss reduction as the DG size required get reduced and it increases the degree of 

control. In case of energy loss reduction with varying loads, the effect of reconfiguration 

is negligible with fixed and controllable DG output but if the DG output is varying then 

reconfiguration and capacitor placement is the best method. Reduction in the power 

and energy losses automatically results in improvement of the voltage profile. 

p 

I 
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Appendix 

A) IEEE-33 Bus Radial Distribution System Data 

Branch 
Number 

Sending 
End Bus 

Receiving 
End Bus 

Branch Impedance I Load at Receiving End Bus 
R(Q) X() P(kW) Q(kVAR) 

1 1 2 0.0922 0.047 100 60 
2 2 3 0.493 0.2511 90 40 

3 3 4 0.366 0.1864 120 80 
4 4 5 0.3811 0.1941 60 30 

5 5 6 0.819 0.707 60 20 

6 6 7 0.1872 0.6188 200 100 

7 7 8 1.7114 1.2351 200 100 

8 8 9 1.03 0.74 60 20 

9 9 10 1.044 0.74 60 20 
to 10 11 0.1966 0.065 45 30 
ii 11 1 12 0.3744 0.12981 60 35 
12 12 13 1.468 1.155 60 35 

13 13 14 0.5416 0.7129 120 80 

14 14 15 0.591 0.526 60 10 

15 1 5 16 0.7463 0.545 60 20 

16 16 17 1.289 1.721 60 20 

17 17 - 8 0.732 0.574 90 40 

18 2 19 0.164 0.1565 90 40 

19 19 20 1.5042 1.3554 90 40 

20 20 21 0.4095 0.4784 90 40 

21 21 22 0.7089 0.9373 90 40 

22 3 23 1 0.4512 0.3083 90 50 

23 23 24 0.898 0.7091 420 200 

24 24 25 0.896 0.7011 420 200 

25 6 26 0.203 0.1034 60 25 

26 26 27 0.2842 0.1447 60 25 

27 27 28 1.059 0.9337 60 20 

28 28 29 0.8042 0.7006 120 70 

29 29 30 0.5075 0.2585 200 600 

30 30 31 0.9744 0.963 150 70 

31 31 32 0.3105 0.3619 210 100 

32 32 33 O.4I 0.5302 60 40 

33 8 2_ 2 2 

34 9 15 2 2  

35 12 22 2 2  

36 18 1 33 1 0.5 0.5  

37 25 1 29 1 0.5 0.5  



B) IEEE-69 Bus Radial Distribution System Data 

Branch 
Number 

Sending 
End Bus 

Receiving 
End Bus 

Branch Impedance Load at Receiving End Bus 
R() X() P(kW) Q(kVAR) 

1 2 0.0005 0.0012 0 0 
2 2 3 0.0005 0.0012 0 0 
3 3 4 0.0015 0.0036 0 0 
4 _4_ 5 0.0251 0.0294 1 0 0 
5 5 6 0.366 0.1864 2.6 2.2 
6 6 7 0.3811 0.1941 40.4 30 
7 7 8 0.0922 0.047 75 54 
8 8 9 0.0493 0.0251 30 22 
9 9 10 0.819 0.2707 28 19 
10 10 Ii 0.1872 0.0619 145 104 
11 II 12 0.7114 0.2351 145 104 
12 1 12 13 1.03 0.34 8 5 
13 13 14 1.044 0.345 8 5.5 
14 14 15 1.058 0.3496 0 0 
15 1 5 16 0.1966 0.065 45.5 30 
16 16 17 0.3744 0.1238 60 35 
17 17 18 0.0047 0.0016 60 35 
18 18 19 0.3276 0.1083 0 0 
19 19 20 0.2106 1 0.069 I 0.6 
20 20 21 0.3416 0.1129 114 81 
21 21 22 0.014 0.0046 5 3.5 
22 22 23 0.1591 0.0526 0 0 
23 23 24 0.3463 0.1145 28 20 
24 24 25 0.7488 1 0.2475 0 0 
25 25 26 0.3089 0.1021 14 10 
26 26 27 0.1732 0.0572 14 10 
27 3 28 0.0044 0.0108 26 18.6 
28 28 29 0.064 0.1565 26 18.6 
29 29 30 0.3978 0.1315 0 0 
30 30 31 0.0702 0.0232 0 0 
31 31 32 0.351 0.116 0 0 
32 32 33 0.839 0.2816 14 10 
33 33 34 1.708 0.5646 19.5 14 
34 34 35 1.474 0.4873 6 4 
35 3 36 0.0044 0.0108 26 18.55 
36 36 37 0.064 0.1565 26 18.55 
37 37 38 0.1053 0.123 0 0 
38 38 39 0.0304 0.0355 24 17 
39 39 40 0.0018 0.0021 24 17 
40 40 41 0.7283 3 0.8509 1.2 1 



IEEE-69 Bus Radial Distribution System Data Contd... 

Branch 
Number 

Sending 
End Bus 

Receiving 
End Bus 

Branch Impedance Load at Receiving End Bus 
R(Q) X() P(kW) Q(kVAR) 

41 41 42 1 0.31 0.3623 0 0 
42 42 43 0.041 0.0478 6 4.3 
43 43 44 0.0092 0.0116 0 0 
44 44 45 0.1089 0.1373 39.22 26.3 
45 45 46 0.0009 0.0012 39.22 26.3 
46 4 47 0.0034 0.0084 0 0 
47 47 48 0.0851 0.2083 79 56.4 
48 48 49 0.2898 0.7091 384.7 274.5 
49 49 50 0.0822 0.2011 384.7 274.5 
50 8 51 0.0928 0.0473 40.5 28.3 
51 51 52 0.3319 0.1114 3.6 2.7 
52 9 53 0.174 0.0886 4.35 3.5 
53 53 54 0.203 0.1034 26.4 19 
54 54 55 0.2842 0.1447 24 17.2 
55 55 56 0.2813 0.1433 0 0 
56 56 57 1.59 0.5337 0 0 
57 57 58 0.7837 0.263 0 0 
58 58 59 0.3042 0.1006 100 72 
59 59 60 0.3861 0.1172 0 0 
60 60 61 0.5075 0.2585 1244 888 
61 61 62 0.0974 0.0496 32 23 
62 62 63 0.145 0.0738 0 0 
63 63 64 1 0.7105 0.3619 227 162 
64 64 65 1.041 0.5302 59 42 
65 Ii 66 0.2012 0.0611 18 13 
66 66 67 0.0047 0.0014 18 13 
67 12 68 0.7394 0.2444 28 20 
68 68 69 0.0047 0.0016 28 20 
69 11 43 0.5 0.5  

70 13 21 0.5 0.5  

71 15 46 1 0.5  

72 27 65 
-- 

0.5  

73 50 59 2 1  
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