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a  b  s  t  r  a  c  t

Both  active  and  reactive  power  play  important  roles  in power  system  transmission  and  distribution  net-
works.  While  active  power  does  the  useful  work,  reactive  power  supports  the  voltage  that  necessitates
control  from  system  reliability  aspect  as  deviation  of voltage  from  nominal  range  may  lead  to  inadvertent
operation  and premature  failure  of  system  components.  Reactive  power  flow  must  also  be  controlled  in
the system  to maximize  the  amount  of  real power  that can  be transferred  across  the  power  transmit-
ting  media.  This  paper  proposes  an approach  to  simultaneously  minimize  the  real  power  loss  and  the
net  reactive  power  flow  in  the system  when  reinforced  with  distributed  generators  (DGs)  and  shunt
capacitors  (SCs).  With  the suggested  method,  the  system  performance,  reliability  and  loading  capacity
can  be  increased  by reduction  of  losses.  A multiobjective  evolutionary  algorithm  based  on  decomposi-
tion  (MOEA/D)  is adopted  to select  optimal  sizes  and  locations  of  DGs  and  SCs  in large  scale  distribution
ultiobjective optimization
OEA/D algorithm

networks  with  objectives  being  minimizing  system  real and  reactive  power  losses.  MOEA/D  is the  pro-
cess  of  decomposition  of  a multiobjective  optimization  problem  into  a number  of scalar  optimization
subproblems  and  optimizing  those  concurrently.  Case  studies  with  standard  IEEE 33-bus,  69-bus,  119-
bus  distribution  networks  and  a practical  83-bus  distribution  network  are  performed.  Output  results  of
MOEA/D  method  are compared  with  similar  past studies  and  notable  improvement  is observed.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Competitiveness in the electric market, mitigating ever increas-
ng load demand are some of the major challenges faced by utility
ompanies in modern era. Augmenting capacity of transmission
ystem may  not always be a feasible or an economical solution
o transmit energy to the load point. Distributed generators (DGs)
nstalled locally near to the consumer and added capacitor bank in
he system can boost the capacity, reduce losses, reduce operational
ost, improve voltage profile and power quality of the network.
istributed generation can be a diesel generator, a micro-turbine
un on natural gas, solar photovoltaics (PV), a wind turbine, fuel
ells etc. Renewable sources like solar and wind power have added
dvantage of zero environmental emission. Moreover, the evolu-

∗ Corresponding authors.
E-mail addresses: parthapr001@e.ntu.edu.sg (P.P. Biswas),

allipeddi.ram@gmail.com (R. Mallipeddi), epnsugan@ntu.edu.sg
P.N. Suganthan), gaja1@hermes.cam.ac.uk (G.A.J. Amaratunga).

ttp://dx.doi.org/10.1016/j.asoc.2017.07.004
568-4946/© 2017 Elsevier B.V. All rights reserved.
tion of modular DGs calls for smaller space, less construction time
and lower investment [1]. Though DG offers several benefits, it
poses certain challenges when integrated in the distribution net-
work. DG introduces bidirectional power flow in the distribution
network which may  possibly be designed for unidirectional power
flow. This requires review and probable revamp of system pro-
tection relay co-ordination [2]. If DGs are not properly sized and
located, they may  lead to overvoltages and excessive power losses
[3].

On the other hand, system loads specifically induction motors,
transformers, transmission lines and cables are inductive in nature.
These loads consume VAR and introduces lagging power factor in
the system resulting in losses and poor performance of the sys-
tem. Some of the DG technologies such as PV and fuel cell deliver
active power only, while some are capable of supplying both active
and reactive power e.g. synchronous generators driven by kinetic

energy originated from various sources. Shunt capacitors are pas-
sive devices that can deliver reactive power to compensate for the
lagging VAR of the network. While DGs are more effective in reduc-
ing real power loss of the system, shunt capacitors complement the

dx.doi.org/10.1016/j.asoc.2017.07.004
http://www.sciencedirect.com/science/journal/15684946
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erformance of DG when used in conjunction. Researchers have
emonstrated the usefulness of shunt capacitors in reducing energy

oss, enhancing feeder loading capacity and improving supply reli-
bility [4–6] of the network.

Optimal sizing and siting of both DG and shunt capacitors are of
ignificance in improving system performance. Several literatures
ocused on optimal sizing and placement of DGs only in pursuit
f minimizing real power loss. Analytical methods [7] and evolu-
ionary algorithms like generic algorithm (GA) [8], particle swarm
ptimization (PSO) [9,10], hybrid PSO [11], hybrid ant colony opti-
ization (ACO) and artificial bee colony (ABC) [12] have all been

ried for single or multiple types of DGs. While impact of size and
ocation of either DG or shunt capacitor has extensively been stud-
ed, a network comprising both of these items requires further
ttention. Naik et al. [13] took analytical approach to optimally
ize and locate both capacitor and DG. Aman et al. [14] adopted
SO with much improved results. In most recent papers, heuris-
ic methods such as hybrid harmony search algorithm (HSA) and
article artificial bee colony (PABC) [15], intersect mutation differ-
ntial evolution (IMDE) [16] and back-tracking search algorithm
BSA) [17] have all been applied for optimal design of capacity and
lacement of both DG and shunt capacitor (SC). The single objective
f real power loss minimization is common in all these literatures
ith certain limitations on ratings of the components that are to be
ecided during optimization process. To reduce search space of the
lgorithm and hence the computational burden, Naik et al. [13] and
uthukumar et al. [15] approached location optimization based on

eal power loss sensitivity factors of buses. In a radial network, this
actor is the ratio of change in real power loss in the line connect-
ng the bus to change in active or reactive power of the same bus.
he bus with highest real power loss sensitivity factor with respect
o injection of real power into that bus and the bus with highest
eal power loss sensitivity factor with respect to injection of reac-
ive power into that bus are selected as the candidate buses for
ccommodating DG and SC respectively.

In this present paper, multiobjective evolutionary algorithm
ased on decomposition (MOEA/D) is proposed with objectives of
inimizing both real (active) power loss and reactive power loss in

he network. Reactive power loss signifies the loss in instantaneous
eactive power attributed to absorption of VAR by the inductive
ines. During optimization, sensitivity factor approach is not taken
nd thus whole search space is explored by the algorithm to find
ost optimum location and rating. Besides, single objective of only
inimizing the real power loss might not allocate both DG and SC

t most favorable locations because the objective may  fail to pin-
oint places in the network where reactive power is dominant. This
ery fact of unidentified line sections with large amount of reactive
ower flow does not help to select optimum rating and best position
pecifically for the SC. Recalling the fact that reactive power flow

ncurs real power loss, by not addressing minimization of reactive
ower flow with imperfect placement and improper sizing of the
C, rating of the DG and its location in the network are indirectly
ffected. Thus, focus on reducing net reactive power flow is equally

Fig. 1. Single line diagram
puting 60 (2017) 268–280 269

important and if multiobjective is formulated addressing both the
power components, system performance may  further be enhanced.
This is what has been demonstrated in this paper by applying multi-
objective optimization algorithm MOEA/D to standard IEEE-33 bus,
IEEE-69 bus and IEEE-119 bus systems and comparing the output
results with equivalent past studies. The study is extended to a real
83-bus distribution network of Taiwan Power Company (TPC) in
latter part of this literature. As an optimization algorithm, MOEA/D
has some advantages over other comparable algorithms as proven
and justified in [25]. The computation complexity of MOEA/D is less
than multiobjective genetic local search (MOGLS) and nondomi-
nated sorting genetic algorithm II (NSGA-II). Disparate objectives
can easily be accounted for in MOEA/D by simple normalization
of the objectives as discussed in Section 4. MOEA/D using a small
population is able to produce evenly distributed optimal solutions
for multiple objectives. Due to aforementioned reasons, MOEA/D is
selected as the multi-objective optimization algorithm in our study.

The organization of rest of the paper is done in following way.
Section 2 includes a review of mathematical model including appli-
cable constraints pertaining to power flow in the distribution
network. In section 3, case studies performed for all the bus test
systems are explained with useful numerical values. Description
and application of MOEA/D algorithm are elaborated in Section 4.
Section 5 discusses the simulation results followed by concluding
remarks in Section 6.

2. Mathematical model

2.1. Power flow formulation

The aim of this paper is to decide proper size and discrete loca-
tion of DG and SC in the network that will offer minimum power
loss. Single line diagram of a simple feeder-line configuration is
shown in Fig. 1. A set of recursive equations for computation of
power flow is given by [18]:

Pi+1 = Pi − PLi+1 − Ri,i+1.
P2

i
+ Q 2

i

|Vi|2
(1)

Qi+1 = Qi − QLi+1 − Xi,i+1.
P2

i
+ Q 2

i

|Vi|2
(2)

|Vi+1|2 = |Vi|2 − 2
(

Ri,i+1.Pi + Xi,i+1.Qi

)
+

(
Ri,i+1

2 + Xi,i+1
2
)

.
P2

i
+ Q 2

i

|Vi|2
(3)

where, Pi and Qi are the real and reactive power flowing out of bus i;
PLi+1 and QLi+1 are the real and reactive load powers at bus i + 1. Line

section between buses i and i + 1 has resistance Ri,i+1 and reactance
Xi,i+1. Voltage magnitude of bus i is |Vi|. For convergence of power
flow, the power balance equations (1) and (2) must be satisfied.
In addition, magnitudes of sending and receiving end bus voltages

 of a radial feeder.
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ust satisfy equation (3). Newton-Raphson iterative method for
alculation of power flow is adopted with the aid of software tool
ATPOWER [32]. The power loss in the section of line connecting

uses i and i + 1 is computed using following two equations:

Loss (i, i + 1) = Ri,i+1.
P2

i
+ Q 2

i

|Vi|2
(4)

Loss (i, i + 1) = Xi,i+1.
P2

i
+ Q 2

i

|Vi|2
(5)

here, PLoss is the real power loss and QLoss is the reactive power
oss. Total power loss in the network is obtained by summing up all
he line losses as follows:

PLoss =
n−1∑
i=0

PLoss (i, i + 1) (6)

QLoss =
n−1∑
i=0

QLoss (i, i + 1) (7)

here, TPLoss is the total real power loss and TQLoss is the loss
ncurred due to reactive power throughout the network. In this
tudy we consider DG units supplying real power with unity power
actor e.g. photo-voltaic systems, micro turbines etc. Therefore, if

 DG, delivering power output of PDG, is added to a bus (say i-th
us), the load in that bus changes from PLi to (PLi − PDG). Similarly,

f m-th bus in the system has inductive load of Qm, an addition of QC
nit of capacitor bank alters the reactive load to (Qm − QC). During
he search process of the algorithm it checks all possible locations
ith all probable ratings of the equipment to come up with best

ombination that results in minimum loss in the system.

.2. Constraints

Magnitude of any bus voltage must lie within specified limits of
aximum and minimum voltages. Current in any branch shall not

xceed the rated capacity of the branch. Mathematically, these can
e written as:

min ≤ |Vi| ≤ Vmax (8)

Ii,i+1| ≤ Ii,i+1(max) (9)

here, Vmin and Vmax are the minimum and maximum allowable
oltages for any bus in the network. The numerical values of these
arameters for the systems are considered as 0.90 p.u. and 1.05
.u. respectively. |Ii,i+1| is the magnitude of current flowing in the

ine connecting bus i and bus i + 1, while Ii,i+1(max) is the maximum
ermissible current through the same branch considering mainly
he thermal capability limit of the line. It is mentioning worthwhile
hat for IEEE standard test bus systems, branch current limit is not
xplicitly stated. Authors in [19] made assumptions of 200A and
00A for 12.66 kV IEEE-33 bus radial distribution network, while

iterature [20] considered 400A, 250A and 150A. For IEEE-69 bus
ystem also difference in presumed line capacities is observed in
16] and [20]. As current carrying capacity of a branch transpires
o be a user defined parameter which might be dependent upon
everal other factors (e.g. whether overhead transmission line or
nderground cable), it does not warrant mandatory checks for its

imit violation. Moreover, at medium voltage level the network
urrent is relatively low and further augmentation with local DG
elieves the burden from a line. Thereby, if base configuration of a

etwork can support the connected load, addition of local DG or SC
r both without change in load will all likely not violate line current
imit. As a consequence, our algorithm presented in this paper does
ot check condition of line current capacity constraint.
puting 60 (2017) 268–280

Other constraints enforced on the algorithm are in selected rat-
ings of DG and capacitor bank. For majority of the case studies, the
maximum cumulative capacities of DGs (with unity power factor)
and capacitor banks in the installation are not to exceed the limits
given by [13,16]:

NDG∑
i=1

PDG,i ≤ 0.5 ∗
n∑

i=1

PLi (10)

NC∑
i=1

QC,i ≤
n∑

i=1

QLi (11)

where, NDG and NC are the number of DGs and the number of SCs
considered for the installation. PDG,i is the real power of added DG
to the i-th bus, QC,i is the shunt capacitor supplemented to the i-th
bus. The defined constraints in equations (10) and (11) are not hard
limiting. For a meaningful and rational comparison with past stud-
ies the limits are altered on case by case basis. Detail of numerical
values of all these limits and relevant parameters are provided in
Section 3 − ‘case studies’.

3. Case studies

The optimization study is performed on 3-standard test systems
of IEEE-33 bus, IEEE-69 bus and IEEE-119 bus, and also a practical
83-bus distribution network of TPC. As a pretest of effectiveness
of objectives and the algorithm, more case studies are performed
for 33-bus system alongwith comparison of the results with sim-
ilar past studies. Minimum values of DG and SC are set as 200 kW
and 200 kVAr respectively for practicability of implementation. DG
is operating at unity power factor and network is operating on
full load (100%). Both DG and SC can assume any value within the
specified respective range bound by minimum and maximum val-
ues. Following subsections categorize the case studies based on the
above-mentioned radial bus systems.

3.1. System 1: IEEE-33 bus radial distribution network

Fig. 2 represents the standard 12.66 kV 33-bus system having 32
branches. The total load of the network is 3.72 MW and 2.3 MVAr.
Line and load data are provided in [23]. Base power and base voltage
of the system are 10 MVA  and 12.66 kV respectively [21]. Maximum
added capacity of DG is restricted to limits varied for different case
studies listed in Table 1. Cumulative capacity of shunt capacitors
(SCs) that can supplement the system is capped at 2.3 MVAr. Table 1
provides detail of case studies with useful numerical data. The main
purpose of this paper is to find optimal size and location of both
DG and SC. However, some case studies for 33-bus network (case
11–14) include either DG or SC for valid and at par comparison with
past studies.

3.2. System 2: IEEE-69 bus radial distribution network

Fig. 3 indicates the standard 12.66 kV 69-bus system having 68
branches. The total load of the network is 3.8 MW and 2.69 MVAr.
Line and load data are given in [23]. Base power and base voltage of
the system are 10 MVA  and 12.66 kV respectively [21]. Maximum

added capacity of DG is restricted to limits varied slightly for several
cases as in Table 2. Cumulative capacity of shunt capacitors (SCs)
that can compensate the system is capped at 2.69 MVAr. Table 2
provides detail of case studies with useful numerical data.
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Fig. 2. Standard IEEE-33 bus test system.

Table 1
Case studies for system 1: 33-bus network.

Case no. No. of DGs Range of rating
for each DG

Max limit of
cumulative DG rating

No. of SCs Range of rating
for each SC

Max  limit of
cumulative SC rating

Case 11a: 1 DG only 1 0.2 – 2.0 MW 2.0 MW – – –
Case  11b: 1 DG only 1 0.2 − 2.6 MW 2.6 MW – – –
Case  12: 2 DGs only 2 0.2 − 2.0 MW 2.0 MW – – –
Case  13: 1 SC only – – – 1 0.2 − 2.3 MVAr 2.3 MVAr
Case  14: 2 SCs only – – – 2 0.2 − 2.3 MVAr 2.3 MVAr
Case  15: 1 DG + 1 SC 1 0.2 − 2.5 MW 2.5 MW 1 0.2 − 2.3 MVAr 2.3 MVAr
Case  16: 2 DGs + 2 SCs 2 0.2 − 2.0 MW 2.0 MW 2 0.2 − 2.3 MVAr 2.3 MVAr

Fig. 3. Standard IEEE-69 bus test system.

Table 2
Case studies for system 2: 69-bus network.

Case no. No. of DGs Range of rating
for each DG

Max limit of
cumulative DG rating

No. of SCs Range of rating
for each SC

Max  limit of
cumulative SC rating

Case 21: 1 DG + 1 SC 1 0.2 – 2.25 MW 2.25 MW 1 0.2 − 2.69 MVAr 2.69 MVAr
Case  22: 2 DGs + 2 SCs 2 0.2 − 2.25 MW 2.25 MW 2 0.2 − 2.69 MVAr 2.69 MVAr

Case  23: 3 DGs + 3 SCs 3 0.2 − 3.00 MW 3.00 MW 
3 0.2 − 2.69 MVAr 2.69 MVAr
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Fig. 4. Standard IEEE-119 bus test system.

Table 3
Case studies for system 3: 119-bus network.

Case no. No. of DGs Range of rating
for each DG

Max  limit of
cumulative DG rating

No. of SCs Range of rating
for each SC

Max  limit of
cumulative SC rating
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Case 31: 1 DG + 6 SCs 1 0.2 – 4.0 MW 4.0 MW
Case  32: 4 DGs + 4 SCs 4 0.2 − 2.5 MW 10.0 MW

.3. System 3: IEEE-119 bus radial distribution network

Standard 11 kV 119-bus radial distribution system with 118
ranches is shown in Fig. 4. The total load of the network is
2.71 MW and 17.04 MVAr. Line and load data are same as given

n [22]. Base power and base voltage of the system are 100 MVA
nd 11 kV respectively [15]. A limited number of studies have been
arried out on 119-bus system. Therefore, maximum allowable
apacities for DG and SC for various cases are judiciously chosen
nd listed in Table 3.

.4. System 4: 83-bus practical distribution network

System 4 considered for study purpose is of a practical 11.4 kV
istribution network of Taiwan Power Company (TPC). As depicted

n Fig. 5, the network consists of 11 feeders, 83 normally closed
witches and 13 normally open switches. Line and load data are pro-

ided in [18]. The total load of the network is 28.35 MW and 20.70
VAr. Literatures [18,30,31] studied reconfiguration possibilities

f the network to reduce system losses. We  perform case studies
here DGs and SCs are optimally sized and placed in the net-
6 0.2 − 2.5 MVAr 15.0 MVAr
4 0.2 − 2.5 MVAr 10.0 MVAr

work with tie-switches of its base configuration (tie switch 84–96)
remaining open. As full load of the network is higher than stan-
dard IEEE-119 bus distribution network, we formulate appropriate
cases listed in Table 4. Cumulative ratings of added compensating
components are kept same in both case-41 and case-42, however,
in latter case the number of components is higher.

4. Application of multiobjective EA based on
decomposition (MOEA/D)

4.1. Introduction and formulation of decision vector

Multi objective evolutionary algorithm (MOEA/D) decomposes
a multi objective optimization problem (MOP) into a number of
scalar optimization subproblems and optimizes them simultane-
ously [25]. The multi objective optimization (MOP), to be specific,

two-objective optimization for the problem of network reinforce-
ment with DG and SC is defined as:

Minimize F (x) =
{

f1 (x) , f2 (x)
}

where, f1 (x) = TPLoss and
f2 (x) = TQLoss
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Fig. 5. 83-bus distribution network of TPC [18].

Table 4
Case studies for system 4: 83-bus TPC-network.

Case no. No. of DGs Range of rating
for each DG

Max limit of
cumulative DG rating

No. of SCs Range of rating
for each SC

Max  limit of
cumulative SC rating
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Case 41: 4 DGs + 4 SCs 4 0.2 – 3.0 MW 12.0 MW
Case  42: 6 DGs + 6 SCs 6 0.2 − 2.0 MW 12.0 MW

where, TPLoss and TQLoss are given by equations (6) and (7)
espectively.

Variable x ∈ ˝,   ̋ is the decision vector (variable) space. If N is
he population size for the optimization problem, there will be N
ecision vectors x1, x2, . . . . , xN.

The network problem has location and size of DG and SC as
he decision variables. Each decision vector xm for m = 1,2,. . ..,N is
ormulated as a [2 ∗ No. of DGs + 2 ∗ No. of SCs] dimensional vector.
f we consider case-16 of 33-bus system where 2 DGs and 2 SCs
re to be allotted, dimension of each decision vector xm will be
2 ∗ 2 + 2 ∗ 2] i.e. 8. Four elements (variables) of this vector corre-
pond to locations ranging from bus no. 1 to bus no. 33. Remaining
our elements represent ratings of the DGs and SCs with probable
alues these may  assume are bound by the range. For case-16, min-
mum and maximum possible values of DG are 0.2 MW and 2 MW
espectively with the sum of two DGs not exceeding 2MW.  Sim-
lar to DG, variables representing SCs can be assigned any value
etween 0.2 MVAr and 2.3 MVAr with sum of two SCs not exceed-

ng 2.3 MVAr. The aim is to find optimum ratings of the DGs and
Cs and also their locations in the network so that the objective
unctions are minimized. It may  be noted that during evolution

hrough mutation and crossover value of the element of x repre-
enting location in the network may  become a fraction in which
ase it is rounded off to the nearest integer value.
4 0.2 − 3.0 MVAr 12.0 MVAr
6 0.2 − 2.0 MVAr 12.0 MVAr

4.2. Pareto optimality

Let R2 be the objective space for 2 objectives.  ̋ being the deci-
sion vector (variable) space, for x ∈ ˝,  F (x) ∈ R2. We  consider two
objective vectors, u, v ∈ R2. u is said to dominate v if and only if ui ≤ vi
for every i ∈

{
1, 2

}
and uj < vj for at least one index j ∈

{
1, 2

}
. A

point x* ∈  ̋ is a Pareto optimal if there is no point x ∈  ̋ such that
F (x) dominates F (x∗) [26]. F (x∗) is called Pareto optimal (objective)
vector.  In other words, any improvement in a Pareto optimal point
in one objective must lead to deterioration of other objective(s).
The set of all the Pareto optimal points is called Pareto set (PS) and
the set of all the Pareto optimal objective vectors is the Pareto front
(PF) [28].

MOEA/D is extensively applied to problems with conflicting
objectives, which imply betterment of one objective leads to dete-
rioration of others. Out of the Pareto set obtained by the algorithm,
designer picks an optimal solution, often the one that compromises
all the objectives to a certain extent in the problem. Like many other
algorithms, MOEA/D has its limitations. The possibility of non-
uniform distribution in Pareto front and weak convergence of the
algorithm are some of the few drawbacks. While improved variant

of MOEA/D is proposed in [29], the shortcomings of past algorithm
hardly affect the results in our research study presented in this
paper. The two  objectives considered for the network problem here
are not completely contradicting as addition of either DG or SC
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Table 5
MOEA/D optimization data.

Parameter Value

Population size, N 600
Number of weight vectors, N 600
Neighborhood size, T 0.1N
Probability to update the neighbor (or the whole

population otherwise), �
0.9

Max  number of positions replaced by better new solution
in  each subproblem at every generation, nr

0.01*N

Maximum number of function evaluation, Maxeval 100000
Crossover rate, CR 0.5
Mutation factor, F 0.5
Distribution index [26] 20
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Fig. 6. Plot of Pareto front for case-16 of 33-bus test system.

educes loss in the system, however to a varying degree. Therefore,
areto front converges to a very narrow zone and a smaller popu-
ation size (N) than what has been considered (in Table 5) shall be
ble to attain the desired optimal results. Fig. 6 represents the Pareto
ront of optimal solutions for case-16 (2 DGs + 2 SCs) in 33-bus net-

ork. The solutions for optimal real power loss lie in the range of
28.47,28.61] kW and the solutions for optimal reactive power loss
re in the range of [20.27,20.37] kVAr. As main objective of the prob-
em is to achieve lowest possible real power loss for the network,
rom narrow range of selection, the chosen Pareto optimal (objec-
ive) solution is ‘point A’ (28.47 kW,  20.37 kVAr) in the graph. The
ecision vector leading to solution ‘point A’ constitutes of elements
ignifying the optimal location and rating of DG and SC. If xopt is the
ecision vector corresponding to the optimal solution found by the
lgorithm, for case-16 it would be an 8-dimensional vector with
our elements representing optimal DG location and rating as [bus
3, 840 kW,  bus 30,1140 kW]  and balance four denoting optimum
C location and rating as [bus 12, 453 kVAr, bus 30,1040 kVAr]. Sim-
lar approach is taken for selection of optimal solutions of all other
ases considered under the purview of this literature and results
re included in section 5.

.3. Decomposition approach

MOEA/D decomposes the approximation of PF into a number
f scalar optimization subproblems [27]. Out of many variants
f MOEA/D, the one with dynamic resource allocation (MOEA/D-
RA) [26] is applied here. To decompose the MOP, we require N

venly spread weight vectors �1, �2 . . . . �N. In this specific prob-
em of network, N = 600 is considered with each of the vector
eing 2 dimensional for the two objectives i.e. �m =

(
�m

1 , �m
2

)T
for

 = 1,2,.,N and �m
1 + �m

2 = 1.
puting 60 (2017) 268–280

Let z∗ =
(

z∗
1, z∗

2

)T
be the minimum objective value vector

which will be treated as reference point and the elements of
this vector are calculated as z∗

1 = min
{

f1 (x) |x ∈ ˝
}

and z∗
2 =

min
{

f2 (x) |x ∈ ˝
}

. After decomposition into N subproblems, the
objective function of m-th subproblem is:

min gte
(

x|�m, z∗) = max

{
�m

1

�m
2

∣∣∣∣∣
f1(x) − z∗

1

f2(x) − z∗
2

∣∣∣∣∣
}

(12)

z* is often unknown beforehand and during the search process
the algorithm uses the lowest values of f1 (x) and f2 (x) found so
far to substitute z∗

1 and z∗
2 respectively in the decomposed objec-

tive subproblems. MOEA/D minimizes all the N objective functions
simultaneously in a single run. Each subproblem is optimized by
using information mainly from its neighboring subproblems. In
MOEA/D-DRA, different subproblems are given varying computa-
tional effort based on utility of the sub-problem [26].

Normalization of the objectives is also an important aspect of
MOEA/D. The objectives in the network problem are disparate as
numerical values of real power loss TPLoss and loss due to reactive
power flow TQLoss can be quite different. The intention of normal-
ization is to bring the values of both objectives within range 0–1.
To implement this, the decomposed objective function in Eq. (12)
for continuous MOP  is to be modified as:

min gte
(

x|�m, z∗, znad
)

= max

⎧⎪⎪⎨
⎪⎪⎩

�m
1

�m
2

∣∣∣∣∣∣∣∣
f1(x) − z∗

1

znad
1 − z∗

1
f2(x) − z∗

2

znad
2 − z∗

2

∣∣∣∣∣∣∣∣

⎫⎪⎪⎬
⎪⎪⎭ (13)

where, znad =
(

znad
1 , znad

2

)T
is the vector of maximum values of f1 (x)

and f2 (x) and similar to z*, znad is also evaluated by the algorithm
during the search process using maximum values of f1 (x) and f2 (x).

During the search process MOEA/D-DRA with Tchebycheff
approach [28] maintains:

• A population of N vectors x1, x2, . . ..,  xN

• Function values of FV1, FV2, . . ..,  FVN where, FVm ={
f1 (xm) , f2 (xm)

}
for m = 1,2,. . ..,N.

• z∗ =
(

z∗
1, z∗

2

)T
, where z∗

1 and z∗
2 are the minimum values found

thus far evaluating f1 (x) and f2 (x).
• znad =

(
znad

1 , znad
2

)T
, where znad

1 and znad
2 are the maximum values

found till now evaluating functions f1 (x) and f2 (x).
• Utility of the subproblems, �m for m = 1,2,. . .,N.
• Current generation number gen.

4.4. MOEA/D-DRA algorithm

Input: (i) MOP  (ii) a stopping criteria, Maxeval (iii) Number
of subproblems, N (iv) A uniform spread of N weight vectors, �1,
�2 . . . . , �N (v) T: the number of the weight vectors in the neighbor-
hood of each weight vector.

Output:
{

x1, x2, . . .., xN
}

and
{

f1 (xm) , f2 (xm)
}

for
m = 1,2,. . ..,N.

Step 1 − Initialization: Initialize decision vectors as described
in Section 4.1. Initialize N uniformly spread weight vectors, z*, znad.
Set generation counter gen = 0 and utility function �m = 1 for all sub-
problems. Define constraint if any, limits on bus voltage for the
problem.

Step 2–Selection of subproblems and update of solutions: For
each weight vector, its NS neighborhood is the set of NS closest

weight vectors to it. In sync with that, each solution and each sub-
problem have their NS neighborhoods. Selection of subproblems is
done based on utility value using 10-tournament selection method
[26], usually 20% of the total population is identified in the process
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Fig. 7. Bus voltage profiles of 33

n each generation. A set of the current solutions corresponding
o the selected indices of subproblems is picked up in that genera-
ion. For each selected solution xm, MOEA/D-DRA does the following
27]:

. Set the mating and update range P to be the T-neighborhood of xm

with a large probability �, and the whole population otherwise.
. Randomly select three current solutions from P.
. Apply genetic operators with pre-defined crossover rate CR and

mutation factor F on the above selected solutions to generate
a new solution y [26]. Check range bounds for y and repair if
necessary. Compute objective F(y). Check for violation of any
constraint.

. Replace a small number (nr) of solutions in P by y if y yields better
than current FV of related subproblem.

No solution will be replaced in step 4 if y is not better than any
olution in P for its subproblem or if any constraint is not satisfied.
he update is considered to be a failure if such a case happens, else
t is successful.

Step 3–Stop if stopping criteria i.e. Maxeval (maximum number
f function evaluation) is reached

Step 4–gen = gen+1.  At every 50-th gen utility function is updated
26]. Go to Step 2.

The selected parameters of MOEA/D for the network problem
re given in Table 5.

The proposed algorithms are developed using MATLAB software
nd simulations are carried out on a computer with Intel Core i5
PU @2.7 GHz and 4GB RAM. Simulation results are discussed in
ubsequent section.

. Results and comparison

The results of application of the multiobjective optimization
lgorithm are tabulated, as well as detail system by system expla-
ation and comparative analysis are provided in this section.

onfiguration of each case study for a system is listed in the table.
or detail description of case studies, Section 3 is to be referred.
election of Pareto optimal solution for a case study is explained
nder Section 4.2.
ystem for different case studies.

5.1. System 1: IEEE-33 bus radial distribution network

Table 6 summarizes results and comparison with most recently
applied methods for all the case studies performed for 33-bus test
system. A quick look at the tabulated results reveals that MOEA/D
is far superior to analytical approach adopted in [13]. The selection
limits of equipment are same, however MOEA/D correctly selects
higher rated equipment as prime objective is minimization of real
power loss. For case-11b and case-12 when only DG  is added to
the network, output results of MOEA/D, IMDE, BSA and hybrid
algorithms for deciding place and size of the equipment are quite
similar. In case-12, loss has been recalculated for IMDE algorithm
with the rating and location proposed for the DG by the algorithm
in [16]. A little change is observed from reported value which might
be for numerical approximation in p.u. conversion. The purpose is
to highlight that MOEA/D proposed bus-13 is preferred to IMDE
proposed bus-14 for allocating DGs in case-12. When 2 nos. prop-
erly sized SCs are to be allotted in case-14, a change in location is
suggested by MOEA/D from what has been recommended by IMDE
for comparable rating of one SC.

MOEA/D with multiobjective performs much better than PSO as
results of case-15 show. The recorded system loss is higher using
PSO [14] with higher ratings of equipment. Multiobjective out-
performs in a notable manner in case-16 when more numbers of
correctly sized DGs and SCs are to be allocated. An obvious reason is
for accounting losses due to both active power and reactive power.
Amin et al. [16] has given certain weightage on system loss due to
reactive power flow in the objective function to arrive at practically
good solutions. However, superiority of MOEA/D lies in its ability
to optimize multiple objectives which may  be contradicting. With
almost similar ratings of the components as in [16] but with little
reshuffle in positioning, the system real power loss is brought down
further by about 11.25%. BSA algorithm could lower real power loss
to an extent, however selected DG size is much larger. In summary,
as far as the objective of this optimization is concerned, overall
assessment of Table 6 for 33-bus test system discloses that for all
cases, proposed size and location by MOEA/D algorithm results in

real power loss less than any alternate selection and arrangement
suggested by an analogous algorithm.
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Table 6
Simulation results for system 1: 33-bus network.

Case description Parameter Various optimization methods

MOEA/D IMDE [16] Analytical [13] PSO [14] BSA [17] Hybrid [15]

Case-11a Real power loss, kW 107.96 – 142.34 – – –
(1  DG only) DG size in kW (bus no.) 2000 (7) – 1000 (18) – – –

Min  bus voltage in p.u. (bus no.) 0.9454 (18) – 0.9311 (33) – – –

Case-11b Real power loss, kW 103.95 – – – 103.96 111.03
(1  DG only) DG size in kW (bus no.) 2575 (6) – – – 2575.3 (6) 2598 (6)

Min  bus voltage in p.u. (bus no.) 0.9511 (18) – – – not reported 0.9425 (18)

Case-12  Real power loss, kW 85.91 86.12a – – 87.16 –
(2  DGs only) DG size in kW (bus no.) 844 (13), 1156 (30) 840 (14), 1130 (30) – – 851.6 (13), 1157.6 (30) –

Min  bus voltage in p.u. (bus no.) 0.9684 (33) 0.9675a (33) – – not reported –

Case-13 Real power loss, kW 143.59 – 164.6 – – –
(1  SC only) SC size in kVAr (bus no.) 1252 (30) – 1000 (33) – – –

Min  bus voltage in p.u. (bus no.) 0.9261 (18) – 0.9165 (18) – – –

Case-14 Real power loss, kW 135.74 139.7 – – – –
(2  SCs only) SC size in kVAr (bus no.) 469 (12), 1057 (30) 475 (14), 1037 (30) – – – –

Min  bus voltage in p.u. (bus no.) 0.9363 (18) 0.942 (18) – – – –

Case-15 Real power loss, kW 51.79 – – 59.7 58.37 58.45
(1  DG + 1 SC) DG size in kW (bus no.) 2500 (6) – – 2511 (6) 2500 (6) 2531 (6)

SC  size in kVAr (bus no.) 1250 (30) – – 1457 (30) 1243.6 (6) 1250 (30)
Min  bus voltage in p.u. (bus no.) 0.9620 (18) – – 0.955 (18) not reported 0.9536 (18)

Case-16  Real power loss, kW 28.47 32.08 84.28 – 30.87 –
(2  DGs + 2 SCs) DG size in kW (bus no.) 840 (13), 1140 (30) 1080 (10), 896.4 (31) 447 (18), 559 (17) – 860 (13), 1310.5 (30) –

SC  size in kVAr (bus no.) 453 (12), 1040 (30) 254.8 (16), 932.3 (30) 400 (33), 500 (32) – 334.8 (14), 899.8 (30) –
Min  bus voltage in p.u. (bus no.) 0.9800 (25) 0.979 (25) 

a Values are recalculated with same proposed ratings of DG and SC.
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ig. 8. Selected cumulative DG rating vs real power loss with various optimization
ethods for case-16 of 33-bus system.

Voltage profiles of buses for selected cases of 33-bus system
re represented in Fig. 7. All bus voltages are found to be within
llowable limits. Best profile is justifiably obtained with 2 DGs +

 SCs. Furthermore, selection of 2 DGs (case-12) turns out to be a
etter choice than 2 SCs (case-14) in the context of voltage unifor-
ity. This is because network real power is higher than the reactive

ower and hence compensation of real power has greater influence
n controlling losses and voltage in the system. Though it may  be
oted that cost of installation of DG is much more than the cost of

nstallation of SC. DG requires electricity generating source, asso-
iated interface, control and protective equipment commensurate
ith the capacity of the DG. Enhancing rating of DG implies aug-
enting ratings of all related accessories. Investment cost of diesel

enerator based 1 MW DG is found to be 50 times higher than the
nvestment cost of 1 MVAr capacitor bank [24]. Fig. 8 shows com-
arison of cumulative DG rating versus network real power loss

chieved with various algorithms for case-16 with 2 DGs + 2 SCs
f 33-bus system. Loss by MOEA/D method is the lowest with DG
ating same as in IMDE. Selected rating of DG is high in case of BSA
ith reasonably low loss figure. Analytical method selects lowest
0.961 (30) – not reported –

DG rating, but loss is almost 3-times higher than the loss given
by MOEA/D algorithm. Comparison on this aspect shows the effec-
tiveness of simultaneous minimization of real and reactive power
losses. Selection of proper rating and location of SC helps to have
same or lower ratings for the DGs resulting in lower real power loss
in the network.

5.2. System 2: IEEE-69 bus radial distribution network

Results of case studies for 69-bus test system and comparison
with other recently applied methods are provided in Table 7. In
case-21 of single DG and single SC, MOEA/D selects larger rating
of DG when compared with PSO method, but network real power
loss is further reduced by about 10.5% with slightly improved volt-
age profile. Major improvement in loss value is seen for case-22
with 2 DGs+2 SCs. With almost similar ratings of the equipment but
change in placement of these, brings the loss down by about extra
48%. Kanwar et al. [20] in applying improved particle swarm opti-
mization (IPSO) considered reconfiguration of the network after
optimal sizing of DG and SC. The output results included in this
table for case-23 are recalculated without network reconfiguration
but with the proposed ratings of the equipment by IPSO method.
These results when assessed against MOEA/D are found to be almost
same as far as total rating of the added components is concerned.
With redistribution of total capacity of the equipment and change
in placement in the network, loss is marginally reduced by MOEA/D
algorithm.

Fig. 9 shows voltage profiles for various case studies performed
for the 69-bus radial distribution network. The profile is rightly
more uniform and even for case-22 when 2 DGs+2 SCs are added
than for case-21 when 1 DG+1 SC are used. However, boosting net-
work capacity with even more numbers of equipment may drive

the network to voltage overshoot as can be observed in case-23.
Therefore, careful judgement is necessary as adding large number
of equipment may  not be economically viable, technically feasible
or may  well turn out to be literally ineffective.
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Table  7
Simulation results for system 2: 69-bus network.

Case description Parameter Various optimization methods

MOEA/D IMDE [16] PSO [14] IPSO [20]

Case-21 Real power loss, kW 23.17 – 25.90 –
(1  DG + 1 SC) DG size in kW (bus no.) 1829 (61) – 1566 (61) –

SC  size in kVAr (bus no.) 1301 (61) – 1401.3 (61) –
Min  bus voltage in p.u. (bus no.) 0.9731 (27) – 0.970 (27) –

Case-22 Real power loss, kW 7.20 13.83 – –
(2  DGs + 2 SCs) DG size in kW (bus no.) 1731 (61), 520 (17) 1738 (62), 479 (24) – –

SC  size in kVAr (bus no.) 353 (17), 1239 (61) 109 (63), 1192 (61) – –
Min  bus voltage in p.u. (bus no.) 0.9943 (69) 0.9915 (68) – –

Case-23 Real power loss, kW 4.25 – – 4.37a

(3 DGs + 3 SCs) DG size in kW (bus no.) 495 (11), 379 (18), 1675 (61) – – 557 (11), 321 (21), 1672 (61)
SC  size in kVAr (bus no.) 375 (11), 230 (21), 1196 (61) – – 300 (11), 300 (18), 1200 (61)
Min  bus voltage in p.u. (bus no.) 0.9943 (50) – – 0.9943a (50)

a Values are recalculated with same proposed ratings of DG and SC but without network re-configuration.

Fig. 9. Bus voltage profiles of 69-bus s

Fig. 10. Selected cumulative DG rating vs real power loss with various optimization
methods for case studies of 69-bus system.
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Table 9 presents a summary of results from the case studies
Fig. 10 represents cumulative DG rating versus real power loss
or various case studies of 69-bus test system. Lowest loss is
chieved by MOEA/D algorithm with almost same rating of DG
ith exception in case-21. Selected DG rating by MOEA/D is higher
han what has been recommended by PSO method, nevertheless,
OEA/D arrives at approximately 10.5% lower loss figure.
ystem for different case studies.

5.3. System 3: IEEE-119 bus radial distribution network

A summary of results alongwith comparison with a similar past
study is presented in Table 8. In case-31, MOEA/D selects a DG
capacity of 2913 kW and cumulative capacitor rating of 10590 kVAr.
Hybrid algorithm proposes 2650 kW for DG and 13200 kVAr for
SCs. Loss achieved by MOEA/D algorithm is about 46 kW less than
what has been achieved by Hybrid algorithm. It transpires that aug-
menting DG capacity by 263 kW (i.e. 2913–2650 kW)  is worth than
adding capacitor bank of 2610 kVAr (i.e. 13200-10590 kVAr). An
additional study case-32 is proposed without violating any com-
pensating capacity constraints. With the arrangement proposed
in case-32, the loss could be drastically reduced alongside more
uniform voltage profile of the network.

Fig. 11 indicates the voltage profiles for different case studies
performed for IEEE-119 bus test system. Voltages of all the buses
are within allowable limits. A smoother voltage profile is obtained
in case-32 with more evenly rated DGs and SCs distributed through-
out the network.

5.4. System 4: 83-bus TPC-network
performed for 83-bus practical TPC distribution network. All 13 tie
switches (no. 84–96) are considered open for the case studies with
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Table 8
Simulation results for system 3: 119-bus network.

Case description Parameter Various optimization methods

MOEA/D Hybrid [15]

Case-31 Real power loss, kW 595.74 641.61
(1  DG + 6 SCs) DG size in kW (bus no.) 2913 (74) 2650 (76)

SC  size in kVAr (bus no.) 1509 (42), 2500 (52), 1513 (77), 1645
(83), 1103 (100), 2320 (115)

4400 (29), 2900 (35), 1850 (73), 1200
(89), 500 (88), 2350 (115)

Min  bus voltage in p.u. (bus no.) 0.9325 (116) 0.9317 (118)

Case-32 Real power loss, kW 271.41 –
(4  DGs + 4 SCs) DG size in kW (bus no.) 2500 (52), 2500 (75), 1840 (100), 2500

(115)
–

SC  size in kVAr (bus no.) 2486 (52), 1732 (75), 1700 (83), 2348
(115)

–

Min  bus voltage in p.u. (bus no.) 0.9603 (48) –

Fig. 11. Bus voltage profiles of 119-bus system for different case studies.

Table 9
Simulation results for system 4: 83-bus TPC-network.

Case description Parameter MOEA/D

Base case Real power loss, kW 531.99
(without DG and SC) Min  bus voltage in p.u. (bus no.) 0.9285 (9)

Case-41 Real power loss, kW 217.77
(4  DGs + 4 SCs) DG size in kW (bus no.) 3000 (6), 2945 (33), 2507 (71), 3000 (79)

SC  size in kVAr (bus no.) 2260 (6), 2841 (31), 1923 (71), 2539 (79)
Min  bus voltage in p.u. (bus no.) 0.9651 (24)

Case-42 Real power loss, kW 151.43
(6  DGs + 6 SCs) DG size in kW (bus no.) 2000 (7), 2000 (19), 2000 (34), 2000 (53), 2000 (71), 2000 (81)

SC  size in kVAr (bus no.) 2000 (7), 2000 (19), 2000 (33), 1720 (52), 1936 (71), 2000 (79)

1
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Min  bus voltage in p.u. (bus no.) 

00% loading onto the network. Loss in the base case, where no DG
r SC is installed in the network, is 531.99 kW.  In case-41 with the
roposed ratings and locations of 4DGs and 4SCs, the network loss

s brought down to 217.77 kW.  Minimum voltage of the network is
mproved from 0.9285 p.u. to 0.9651 p.u. The maximum allowable
ndividual ratings of 3 MW for the DG and 3 MVAr for the SC are
ot fully utilized. Much lower network loss can be achieved with
igher number of DGs and SCs as seen in case-42. The loss is reduced
y about 71.5% than the base case with MOEA/D suggested ratings

nd locations of the added components. A more uniform selection
f ratings is observed in case-42. In general, it is noted that higher
he number of suitably rated components, larger is the reduction in
0.9675 (64)

system loss if the components are distributed uniformly through-
out the network. However, it is not practical to increase the number
of devices beyond a certain extent. Availability of bus and compo-
nents for fixing, the cost of procurement and installation dictate
the number of compensating devices to be added. Detail technical
and commercial evaluation is necessary on case by case basis. For
the TPC-network under study, results of case-42 can be adopted
for augmentation of capacity and reliability of the network. Fig. 12
shows bus voltage profiles for case-41 and case-42. As expected, the

profile is more uniform in case-42 with higher number of evenly
rated components installed in the network.
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Fig. 12. Bus voltage profiles of 83-b

. Conclusion

This paper discusses in detail the application and usefulness of
OEA/D optimization algorithm for deciding the rating and the

ocation of DG and SC simultaneously in the network to reduce real
ower loss. It has also been substantiated that control of reactive
ower flow in the network is also vital to reduce real power loss.
pgrade of distribution or transmission system may  not always
e a feasible option. So, proper size and judicious allocation DG
nd SC defer impending upgradation of the transmission or the
istribution system by increasing its loading capability. On the
ptimization aspect, consideration of multiple objectives is highly
ffective especially when large numbers of compensating DGs and
Cs are present in the system. MOEA/D performs arguably best
mong equivalent optimization methods. Reduction in loss has
een established in all the cases studied under the scope of this

iterature. Cutting down loss by any amount is of technical and
ommercial advantage. Energy signifies cost to the utility and to
he consumer and any saving in energy when compounded annu-
lly turns out to be a substantial amount. Moreover, reduction in
eal power loss means lower heat generation as a direct conse-
uence. Thus, reliability of system components is also enhanced
ue to long term positive effect of lesser heat emission.
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