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Abstract——The integration of network reconfiguration and
distributed generation (DG) can enhance the performances of
overall networks. Thus, proper sizing and siting of DG need to
be determined, otherwise it will cause degradation in system
performance. However, determining proper sizing and siting of
DG together with network reconfiguration is a complex prob‐
lem due to huge solution search space. This search space mostly
contains non-radial network configurations. Eliminating these
non-radial combinations during optimization process increases
computational overhead and may end up at local optimal solu‐
tion. To reduce the searching complexity, this paper considers
the discretized network reconfiguration via dataset approach.
Water cycle algorithm (WCA) is used to obtain the near opti‐
mal solution of network reconfiguration, and sizing and sitting
of DG. In addition, the power factor of DG is also optimized to
reduce the power loss. The proposed method is tested on an
IEEE 33-bus network and an IEEE 69-bus network considering
different scenarios to show the effectiveness of simultaneous ap‐
proach considering variable power factor. The results show that
the discretization of reconfiguration search space avoids that
WCA to get trapped in local optima. The proposed method out‐
performs other technique such as harmony search algorithm
(HSA), fireworks algorithm (FWA), Cuckoo search algorithm
(CSA) and uniform voltage distribution based constructive algo‐
rithm (UVDA) and improves the solution quality of IEEE 33-
bus network and 69-bus network by 29.20% and 27.88%, re‐
spectively.

Index Terms——Reactive power injection, sizing and siting of
distributed generation (DG), dataset approach, active distribu‐
tion network, power system.

I. INTRODUCTION

PROGRESSIVE load growth has placed distribution com‐
panies in a challenging environment where the emphasis

on efficient and reliable operation of distribution system is
heightened. Operational efficiency of a distribution network
is significantly affected by power loss. In particular, 70% of
the total power system loss originates from distribution sys‐
tems [1]. Therefore, the minimization of power loss is imper‐
ative to achieve an efficient and economical operation of the
system. In this regard, many methods have been adopted to
minimize power loss of distribution network. Prominent tech‐
niques such as distributed generation (DG) integration and
network reconfiguration have been widely followed. This in‐
tegration offers numerous benefits including capacity relief
of distribution system, power loss reduction, voltage profile
improvement, load balancing, and reliability improvement.

The deployment of DG units in distribution network is an
effective method to minimize power loss [2]. However, it is
essential to identify its appropriate sizing and siting in the
network. Improper sizing and siting can lead to an increase
in power loss and a reduction in system efficiency [3].
Therefore, careful planning is necessary to ensure system op‐
eration within its security and stability limits. Many research‐
ers have targeted power loss minimization as one of the ob‐
jectives to determine optimal sizing and siting of DG in the
distribution network [4]. Recent studies have addressed the
application of optimization techniques for finding optimal
sizing and siting of single or multiple DG units. Reference
[5] minimizes the network power loss by determining opti‐
mal coordination of DG using particle swarm optimization
(PSO) algorithm. Reference [6] employs Cukoo search algo‐
rithm to minimize power losses for non-dispatchable DG
units. Reference [7] optimally places DGs in distribution net‐
work using evolutionary programming (EP). Reference [8]
utilizes Bat inspired algorithm for DG sizing and its alloca‐
tion problem to minimize power losses in radial and meshed
networks.

Apart from DG integration, a well-known grid strategy
called distribution network reconfiguration (DNR) is also ap‐
plied to optimize the operational performance of the distribu‐
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tion network. DNR leads to a new network topology by al‐
tering the open/closed status of line switches while maintain‐
ing the radiality. DNR is an important grid strategy which
decreases active power loss, improves voltage profile and
system reliability [9]. Furthermore, DNR can be used to
avoid overloading by transferring load from one feeder to an‐
other.

Considerable amount of research has also been conducted
on network reconfiguration using metaheuristic optimization
algorithms in the last few years. Reference [10] solves DNR
problem using binary PSO (BPSO) for loss minimization.
Fireworks algorithm (FWA) and harmony search algorithm
(HSA) are considered for DNR in [11], [12]. The aforemen‐
tioned techniques have shown excellent performance in find‐
ing near optimal solutions.

The research works stated above mainly focus on a single
optimization problem, i.e., either DG integration or DNR for
network power loss minimization. Nevertheless, there are
few studies dealing with simultaneous integration of both
DG and DNR. Reference [13] proposes a systematic method
for optimizing network power loss using PSO algorithm. Ini‐
tially, DNR is applied by the identification of optimal sizing
and siting of DG. Reference [14] uses HSA to simultaneous‐
ly handle DNR and DG coordination problem. Reference
[15] integrates DNR with DG location problem using fire‐
work algorithm. Optimal configuration and DG siting is de‐
termined based on minimum network power loss. Reference
[16] simultaneously determines feeder configuration with
DG sizing using EP and genetic algorithm (GA).

It is important for distribution utilities to seek efficient
and economical operation of the system through optimal net‐
work reconfiguration, and active and reactive power injec‐
tion from DG units. Nevertheless, the simultaneous optimiza‐
tion of network reconfiguration as well as sizing and siting
of DG leads to a complex problem which is difficult to
solve using mathematical approaches. To address this chal‐
lenge, metaheuristic techniques can be used since it imple‐
ments efficient strategies to explore the search space.

One of the challenges in exploring the possible solution is
the huge numbers of non-radial configuration in the search
space. Therefore, [17] proposes an explicit radiality con‐
straint for mathematical optimization. Reference [18] propos‐
es a technique to generate feasible combination using GA in‐
tegrated with Prims algorithm. In this proposed technique,
the initial combination is generated using the prims algo‐
rithm. Therefore, all the combinations generated in this stage
are feasible. However, implicit validation of radiality is con‐
sidered in the recombination stage to generate feasible com‐
binations. Reference [19] proposes a technique to generate
feasible combination for network reconfiguration (NR) based
on loop vector. Loop vector is extracted by closing tie
switches and based on this vector, prohibited vector and
common vector are obtained. PSO is used to search for near
optimal solution, and the population in PSO are initialized
and updated based on these vector rules.

Most researchers in the past consider the implicit method
to ensure radiality solution and the process of eliminating

the non-radial configurations can be time-consuming during
the optimization process. In this paper, to improve the effi‐
ciency by reducing the complexity of search space, water cy‐
cle algorithm (WCA) together with dataset approach is em‐
ployed. Dataset approach provides only radial solutions for
DNR, and WCA finds the near optimal solution. This work
proposes a method to simultaneously deal with network con‐
figuration, sizing and siting of DG and its power factor to
improve the effectiveness of distribution network. The im‐
pact of discretized reconfiguration search space integrated
with unity and variable power factor for DG injection is also
analyzed. The effectiveness of the proposed method has
been tested on the standard IEEE 33-bus network and IEEE
69-bus network.

II. PROBLEM FORMULATION

An optimal network configuration together with DG coor‐
dination in an active distribution network reduces power
loss, improves voltage profile as well as system efficiency
and reliability. Objective function defined in (1) is consid‐
ered to optimize network performance:

min∑
ij = 1

Nb ( )P 2
ij +Q2

ij

V 2
j

Rijγ ij + ρ (1)

ρ= {0 if no constraint is violated
a if constraint is violated

(2)

where Pij is the active power flow; Qij is the reactive power
flow; Rij is the resistance of branch ij; Vj is the voltage of
the bus; γ ij is a state variable that defines opening/closing of
the switch; Nb is the total number of branches in the distribu‐
tion network; ρ is the penalty; and a is the Big-M number.

A. Constraints

To obtain an optimal configuration, the following condi‐
tions should be satisfied.
1) Active and Reactive Power Flows

Inward and outward power flows of ith bus must be bal‐
anced with the generated power and load demand at the par‐
ticular bus.

Pg -Pd -∑
ij

Plossij =∑
ij

Pij -∑
ki

Pki iÎΩbijÎΩ l (3)

Qg -Qd -∑
ij

Qlossij =∑
ij

Qij -∑
ki

Qki iÎΩbijÎΩ l (4)

where Pg and Qg are the active and reactive power genera‐
tions at bus i, respectively; Pd and Qd are the active and reac‐
tive loads at bus i, respectively; Plossij and Qlossij are the ac‐
tive and reactive power loss at branch ij, respectively; and
Ωb and Ω l are sets of buses and branches, respectively.
2) Voltage

The voltage drops in branch ij can be calculated consider‐
ing the binary variable γ ij as shown in (5). Moreover, the
voltage should be kept within nominal limits as defined
by (7).

V 2
j =V 2

i - 2(Rij Pij +XijQij)- I 2
ij Z 2

ij - β ij (5)
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β ij £
ì
í
î

0 γ ij = 1

V 2
i -V 2

j γ ij = 0
(6)

V 2
min £V 2

i £V 2
max (7)

where β ij is an auxiliary variable; Vi is the sending bus volt‐
age; Iij is the branch current; Xij is the reactance of a branch;
Zij is the impedance of the branch; Vmax and Vmin are the max‐
imum and minimum bus voltages, respectively.
3) DG Capacity

The maximum apparent power capacity Sgmax
of a DG unit

can be bounded as:

0£P 2
g +Q2

g £ S 2
gmax (8)

4) Reactive Power Injection of DG Unit
The power factor of a DG unit is maintained above a min‐

imum limit pf. Therefore, reactive power limit must be con‐
trolled. Constraint (9) states the boundary condition of the
DG unit.

|Qg |£Pg tan(arccos(pf)) (9)

5) Maximum Power Flow of a Branch
The power flow and the current through a branch depends

on its current carrying capacity Imax and its state variable, as
defined by (10)-(12).

I 2
ij £ I 2

maxγ ij (10)

-ImaxVmaxγ ij £Pij £ ImaxVmaxγ ij (11)

-ImaxVmaxγ ij £Qij £ ImaxVmaxγ ij (12)

III. PDATASET DEVELOPMENT USING SPANNING TREE

ALGORITHM (STA)

To maintain the radiality of the distribution network, con‐
ventional meta-heuristic techniques employ implicit ap‐
proach. In this approach, non-feasible solution generated dur‐
ing the optimization process is adjusted with feasible ones.
To avoid the non-feasible solutions, a dataset approach based
on STA is proposed in this work. The proposed method only
generates all possible radial combinations which are stored
in a database.

The topology of a distribution network can be represented

through graph G. A spanning tree is a subgraph G′ of a
graph G of a distribution network with M edges, N vertices
and Ns source (substation) vertices. G contains M - (N -Ns )
independent loops and each subgraph has N -Ns edges. The
STA generates all possible trees in G and each tree should
satisfy the following conditions: ①Contain N - 1 edges; ②
All nodes are connected without forming any loops.

The process of generating spanning trees is explained as
follows.

Let S0 ÌG be the initial spanning tree and a transforma‐
tion process generates a new tree S such that SÌG. This
tree S can be formed from S0 by eliminating the edge eiÎ S0

and adding an edge ejÎK (K =G - S0 is a set of non-connect‐
ed edges), as represented by the following equation.

S = S0 - ei - ej (13)

IV. APPLICATION OF WCA

In this research, WCA is used to simultaneously solve the
DNR and DG coordination problems. WCA is nature-in‐
spired algorithm and it is derived from the idea of flow of
streams and river towards sea. It is based on hydrological cy‐
cle which includes vaporization, rainfall and runoff water.
The vaporization causes rainfall which creates water streams
and these streams are headed towards the river followed by
the sea by run-off process [22]. The algorithmic flow of
WCA is as follows.
1) Initializing the Population

In the initialization stage, the population in WCA is initial‐
ized with set of random solutions which is known as
streams. Each stream in an initial population which has a po‐
tential to become the best solution. Streams are distributed
randomly into solution landscape. A stream Xstr is arranged
in d dimensional solution space as shown in (14).

Xstr = [ x1 x2 x3  xd ] (14)

A set of streams is called one population. Npop is randomly
generated and is represented by Xstr(Npopd) as shown in (15).

Xstr(Npopd) is the total streams with Npop population. DGL,*,

DGS,* and DGpf,* are the location, sizing of active power and
power factor of DG, respectively.

Xstr(Npopd) =
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xNpopDGL1

... xNpopDGLN
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location            

x1DGS1
... x1DGSN
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... x2DGSN


xNpopDGS1

... xNpopDGSN

DG
size              

x1DGpf1
... x1DGpfN

x2DGpf1
... x2DGpfN


xNpopDGpf1

... xNpopDGpfN

DG
power factor

(15)

2) Evaluating Stream Fitness
After random generation of initial streams, each of the

streams is evaluated based on their cost function, as defined
in (16).

Yi = f (xi1xi2xi3xid ) (16)

where Yi is the fitness of ith stream and i = 12.Npop.

3) Sorting Streams as Sea, River and Streams
After the evaluation of streams, they are sorted in ascend‐

ing order. These potential best solutions are divided into
three categories which are sea, river and streams. The best
stream among them is termed as sea which represents the
global best solution so far. Few streams which are relatively
good are labelled as rivers and characterized as local best so‐
lutions, and the rest are named as streams [22].
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Xstr(Npopd) =

[ ]Sea River1 River2 River3 ... StrNsr + 1 StrNsr + 2 StrNsr + 3 ...

(17)

Among the population of the streams, the number of
streams NXstr selected for sea and river are defined by NXsr.
And NXsr equals to the total number of rivers and seas.

NXstr =Npop -NXsr (18)

4) Determining Intensity of Flow
The total number of streams can be computed using (17)

and among them how many streams designated to river/sea
are found from (19).

strnj = round
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∑
i = 1

NXsr

Yi

NXstr (19)

where j = 12NXsr and strnj is the number of streams
which flows into river or sea.
5) Run-off Process

The run-off process updates the streams and river so that
they flow towards sea. The flow of the streams towards sea
and river is defined by (20) and (21), and (22) determines
the flow of river towards sea.

X str
iter + 1 =X str

iter + rand·C(X sea
iter -X str

iter) (20)

X str
iter + 1 =X str

iter + rand·C(X river
iter -X str

iter) (21)

X river
iter + 1 =X river

iter + rand·C(X sea
iter -X river

iter ) (22)

where X str
iter + 1X river

iter + 1 are the updated stream and river for next
iteration, respectively; rand is the random number which is
in the range of 0 and 1; and C is the acceleration coefficient
in the range of 1 and 2. Equations (20), (21) and (22) show
that if the stream position is better than the joining river, its
position is swapped accordingly, and the similar process re‐
peats for sea and rivers.
6) Evaporation Process

To avoid WCA from converging locally, the concept of
evaporation is considered in which the evaporated water
from sea returns to landscape via rainfall. The water from
the rain makes a new stream which again flows towards riv‐
er/sea. This evaluation process ensures that the algorithm
avoids the solution being trapped in local minima.

V. RESULTS AND DISCUSSION

The performance of the proposed method is evaluated on
the IEEE 33-bus network and IEEE 69-bus network. Three
DG units have been placed with maximum generation of 3
MVA and 2 MW. Furthermore, four cases are considered for
comparative analysis with results published in the literature.

1) Case 1: DG units are considered with initial system to‐
pology.

2) Case 2: DG units are considered along with optimal
configuration.

3) Case 3: network reconfiguration after sizing and siting
of DG.

4) Case 4: simultaneous network reconfiguration and siz‐

ing and siting of DG.

A. IEEE 33-bus Test System

The IEEE 33-bus test system is a 12.66 kV distribution
system having a total of 3750 kW active and 2300 kvar reac‐
tive demand [23]. It includes 5 normally open switches and
32 normally closed switches. In this paper, it is assumed that
all branches can be switched on or off. Therefore, the IEEE
33-bus test system has

37
C32 possible configurations. Out of

435897 possible configurations, only 50751 (11.64%) are ra‐
dial configurations.

The power loss of the initial configuration is 208.459 kW
and the minimum voltage is 0.9108 p.u. at bus 18. With opti‐
mal network reconfiguration, the power losses are reduced to
138.927 kW, which is around 33.35% improvement. The
voltage magnitude is improved by 3.51%.

In Cases 1 and 2, when DG units are integrated in the dis‐
tribution network, the system power losses are reduced to
71.919 kW (65.18%) and 58.580 kW (57.83%), respectively.
The respective bus voltage improves by 7.14% and 3.4% for
both cases accordingly. However, in Case 3, the system pow‐
er loss decreases to 57.201 kW. This shows that configura‐
tion after sizing and siting of DG improves system perfor‐
mance compared to Cases 1 and 2.

In Case 4, simultaneous configuration of the network and
sizing and siting of DG have been considered. In this case,
the system voltage is improved by 6.92% and losses are re‐
duced by 75.18% as shown in Table Ⅰ, where CSA stands for
Cuckoo search algorithm and UVDA stands for uniform volt‐
age distribution based constructive algorithm.

From Table Ⅰ , we can observe that when DGs inject both
active and reactive power, the power losses in Cases 1-4 are
reduced to 12.784 kW, 17.576 kW, 11.868 kW, and 9.9687
kW, respectively. There is a significant reduction in power
loss as compared to active power injection. The power loss‐
es in each of the cases are reduced by 82.22%, 70%,
79.43%, and 80.73%, respectively. Similarly, the minimum
bus voltage of the system is improved by 1.71%, 0.63%,
2.37%, and 2.04%, respectively.

The proposed method is also compared with other works
in literature which uses HSA, FWA, CSA and UVDA. It can
be observed that the proposed method outperforms other re‐
sults from literatures. When unity power factor is consid‐
ered, CSA outperforms the FWA, HSA and UVDA in obtain‐
ing near optimal solution of power loss except in Case 1
where UDVA obtains better solution. Besides, UVDA also
considers DGs with reactive power injection. On the con‐
trary, UVDA does not consider the power factor when sizing
reactive power injection of DG. Based on Table Ⅰ , it can be
observed that UDVA attains higher power losses and lower
power factor as compared to proposed method.

To verify the reconfiguration solution obtained by FWA
and CSA in Case 3 of Table Ⅰ , network reconfiguration is
performed after the optimal sizing and siting of DG is ob‐
tained. DG units are located at buses 14, 18, and 32 with siz‐
es of 0.5897 MW, 0.1895 MW and 1.0146 MW, respective‐
ly. The final configurations obtained by FWA are 7-8, 9-10,
9-15, 32-33, 28-29, and the power loss is 68.271 kW. On the
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other hand, the configurations obtained by the proposed
method are 7-8, 8-9, 9-10, 32-33, and 28-29, and the power
loss is 67.859 kW. The results obtained from FWA is 0.6%
higher than the optimal solution for power losses. The opti‐
mal configurations obtained by the CSA are 8-9, 9-10, 27-
28, 21-8, and 18-33, and the power loss is 63.271 kW. On

the contrary, the optimal configurations obtained by the pro‐
posed method are 7-8, 8-9, 9-10, 25-29, and 18-33, and the
power loss is 61.0748. The result obtained by the proposed
method is 3.43% less than that by CSA. Thus, the proposed
method has managed to obtain optimal results while FWA
and CSA converge at local optimum solutions.

Based on Fig. 1, it can be observed that the proposed
method outperforms other techniques in terms of power loss
reduction. Maximum power loss reduction is achieved in
Case 4, when network reconfiguration has been performed si‐
multaneously with sizing and sitting of DG.

Figure 2 shows the voltage profile of the 33-bus network.
Fig. 2(a) shows that when only network reconfiguration is
performed, the minimum bus voltage is below 0.95 p.u.. On
the other hand, after integration of DG units in the distribu‐
tion system, the minimum bus voltage has improved above
0.95 p.u.. When DG injects both active and reactive power,
the minimum bus voltage is above 0.98 p. u., as shown in
Fig. 2(b).

B. IEEE 69-bus Test System

The 69-bus test system is connected to a 12.66 kV substa‐
tion with 3800 kW active load and 2690 kvar reactive load

[20]. The system has 68 normally closed sectionalized
switches and 5 normally open tie switches. The total possi‐
ble configurations are determined by

73
C68. Only 407924

TABLE Ⅰ
ANALYSIS OF IEEE 33-BUS NETWORK WITH UNITY AND VARIABLE POWER FACTOR

Case

1

2

3

4

Tie line configuration

DG configuration
(MW)

DG configuration
(Mvar)

Power loss (kW)

Tie line configuration

DG configuration
(MW)

Power loss (kW)

Tie line configuration

DG configuration
(MW)

Power loss (kW)

Tie line configuration

DG configuration
(MW)

Power loss (kW)

Unity power factor

HAS [14]

33,34,35,36,37

0.10 (18),
0.57 (17),
1.04 (33)

97.306

7,9,14,32,37

0.27 (32),
0.16 (31),
0.66 (30)

96.829

67,37,45,52,35

FWA [15]

33,34,35,36,37

0.58 (14),
0.18 (18),
1.01 (32)

89.084

7,9,14,28,32

0.60 (32),
0.31 (33),
0.16 (18)

83.898

7,9,28,32,34

0.59 (14),
0.19 (18),
1.01 (32)

68.271

67,37,45,52,35

UVDA [24]

33,34,35,36,37

0.87 (11),
0.92 (29),
0.93 (24)

74.573

7,9,14,32,37

1.12 (30),
0.59 (15),
0.53 (12)

66.286

7.10,13,27,32

1.55 (29),
0.65 (15),
0.49 (21)

57.279

CSA [25]

33,34,35,36,37

0.78 (14),
1.12 (24),
1.35 (30)

74.625

7,9,14,28,32

1.75 (29),
0.54 (12),
0.50 (16)

58.774

8,9,27,33,36

0.78 (14),
1.12 (24),
1.35 (30)

63.271

11,28,31,33,34

0.90 (18),
1.44 (25),
0.96 (7)

54.232

Proposed

33,34,35,36,37

0.75 (14),
1.01 (24),
1.07 (30)

71.919

7,9,14,32,37

0.93 (8),
1.07 (24),
0.95 (30)

58.580

7.8,9,32,37

0.75 (14),
1.10 (24),
1.07 (30)

57.201

11,28,31,33,34

0.96 (7),
0.75 (17),
1.28 (25)

51.744

Variable power factor

UVDA [24]

33,34,35,36,37

0.87 (11),
0.92 (29),
0.93 (24),

0.41 (11),
0.95 (29),
0.45 (24)

17.684

7,9,14,32,37

1.12 (30),
0.59 (15),
0.53 (12),
1.03 (30),
0.25 (15),
0.28 (12)

26.435

7,10,12,23,32

1.88 (29),
0.67 (15),
0.53 (21),
1.37 (29),
0.32 (15),
0.30 (21)

14.082

Proposed

33,34,35,36,37

0.71 (14),
1.04 (24),
1.15 (30),

0.38 (14),
0.54 (24),
0.86 (30)

12.784

7,9,1432,37

0.92 (8),
1.00 (24),
1.04 (30),
0.42 (8),
0.55 (24),
0.78 (30)

17.5768

9,17,33,35,37

0.71 (14),
1.04 (24),
1.15 (30),
0.38 (14),
0.54 (24),
0.86 (30)

11.8682

5,13,22,26,35

1.05 (8),
1.26 (25),
0.82 (32),
0.54 (8),
0.89 (25),
0.57 (32)

9.9687

53.32 53.55
57.27

59.75

67.25
64.23

68.20
72.52

64.20

71.81
69.65

73.98

65.50

71.90 72.32
75.18

30
35
40
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50
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60
65
70
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Fig. 1. Power loss reduction percentage of IEEE 33-bus network.
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(2.71%) configurations from 15020334 are radial.

In Table Ⅱ, similar case study has been performed to ana‐
lyze the performance of the proposed methodology. For the
initial configuration, the power loss of the distribution sys‐
tem is 224.975 kW with 0.909 p. u. minimum bus voltage.
After network reconfiguration, the power loss reduces to
98.161 kW. Furthermore, in Cases 1-3, when DGs are inte‐
grated, the power losses further reduce to 69.431 kW, 35.044
kW and 38.962 kW, respectively. It can be observed that the
simultaneous optimization of network reconfiguration and
sizing and siting of DG provide better performance com‐
pared to their sequential optimization.

When unity power factor is considered as shown in Table
Ⅱ , CSA outperforms HSA, FWA and UVDA in terms of
power loss reduction. The power loss obtained in Cases 1-4
is 72.47 kW, 37.105 kW, 40.901 kW and 36.895 kW, respec‐
tively. On contrary, the proposed method further reduces
power loss by 4.19%, 5.55%, 4.74% and 2.58%, respective‐
ly. Similarly, when DGs are capable to inject active and reac‐
tive power, the losses obtained in Cases 1, 2 and 4 by UV‐
DA with reactive power injection is 7.775 kW, 9.388 kW
and 5.559 kW, respectively. In contrast to the proposed meth‐
odology, UVDA is trapped in local optima.
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Fig. 2. Voltage profile of IEEE 33-bus network.

TABLE Ⅱ
ANALYSIS OF IEEE 69-BUS SYSTEM WITH UNITY AND VARIABLE POWER FACTOR

Scenario unity power factor

Case 1

Case 2

Case 3

Case 4

Tie line configuration

DG configuration
(MW)

DG configuration
(Mvar)

Power loss (kW)

Tie line configuration

DG configuration
(MW)

Power loss (kW)

Tie line configuration

DG configuration
(MW)

Power loss (kW)

Tie line configuration

DG configuration
(MW)

Power loss (kW)

Unity power factor

HAS [14]

69.70.71,72,73

0.10 (65),
0.36 (64),
1.30 (63)

86.767

18,13,56,61,69

1.06 (61),
0.35 (60),
0.42 (58)

59.437

FWA [15]

69.70.71,72,73

0.40 (65),
1.19 (61),
0.22 (27)

77.872

69,70,14,56,61

1.00 (61),
0.21 (62),
0.14 (64)

43.749

69,70,12,58,61

0.40 (65),
1.19 (61),
0.22 (27)

39.572

UVDA [24]

69.70.71,72,73

1.41 (61),
0.60 (11),
0.41 (17)

72.650

69,70,14,58,61

1.37 (61),
0.62 (11),
0.72 (64)

37.740

14,58,63,69,70

1.47 (61),
0.53 (11),
0.67 (17)

37.000

CSA [25]

69.70.71,72,73

0.60 (11),
0.38 (18),
2 (61)

72.470

69,70,14,57,61

1.72 (61),
0.46 (64),
0.36 (12)

37.105

69,70,14,58,64

0.60 (11),
0.38 (18),
2 (61)

40.901

69,70,14,58,61

0.54 (11),
0.55 (65),
1.72 (61)

36.895

Proposed

69.70.71,72,73

0.52 (11),
0.38 (18),
1.71 (61)

69.431

69,70,14,56,61

0.53 (11),
1.43 (61),
0.49 (64)

35.0442

13,55,64,69,70

0.52 (11),
0.38 (18),
1.71 (61)

38.962

69,70,14,56,61

0.53 (11),
1.43 (61),
0.49 (64)

35.0442

Variable power factor

UVDA [24]

69.70.71,72,73

1.41 (61),
0.64 (11),
0.47 (17)

1 (61),
0.42 (11),
0.27 (17)

7.775

69,70,14,58,61

1.37 (61),
0.62 (11),
0.72 (64),
0.98 (61),
0.44 (11),
0.51 (64)

9.388

8,12,70,58,64

1.66 (61),
0.62 (11),
0.39 (17),
1.87 (61),
0.44 (11),
0.26 (17)

5.559

Proposed

69.70.71,72,73

1.41 (61),
0.64 (11),
0.47 (17)

1 (61),
0.42 (11),
0.27 (17)

4.289

69,70,14,56,61

0.53 (11),
1.41 (18),
0.48 (61),
0.38 (11),
1.01 (18),
0.34 (61)

5.326

69,70,71,72,73

0.49 (11),
0.38 (18),
1.74 (61),
0.35 (11),
0.25 (18),
1.19 (61)

4.289

13,20,24,42,57

0.79 (11),
0.86 (49),
1.59 (61),
0.54 (11),
0.62 (49),
1.13 (61)

4.009
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Furthermore, the proposed method improves the solution
quality by 44.83%, 43.27%, and 27.88%, respectively. Simi‐
larly, the minimum bus voltage of the system has been main‐
tained above 0.99 p.u., whereas UVDA achieves less power
factor than the proposed method which is 0.663.

The proposed methodology outperforms other methodolo‐
gies in each scenario of DGs with different power factors. It
can be observed from Fig. 3 that the proposed method gives
better power loss solution in each of the cases. The voltage
profile of 69-bus test system is presented in Fig. 4. When
DGs inject active power in the distribution system, the volt‐
age of the buses in all cases is above 0.95 p.u. as shown in
Fig. 4(a). When DGs operate in reactive power mode, the
voltage at all buses is above 0.99 p.u. as shown in Fig. 4(b).

VI. CONCLUSION

With limited grid capacity, the enhancement in the net‐
work performance to address the growing load demand is a
challenging task for the utilities. This paper presents simulta‐
neous network configuration with optimal sizing and siting
of DG and power factor to improve the effectiveness of dis‐

tribution network. It can be observed that when DG injects
active and reactive power, power loss has been reduced suffi‐
ciently. In the case of active power injection in IEEE 33-bus
and 69-bus networks, the power loss is reduced by 75.16%
and 84.42% respectively. After evaluation through various
scenarios, it can be seen that the proposed method enhances
the solution quality from the previous results obtained in the
literature. Moreover, the optimal power factor (i.e., injection
of active and reactive power) is more effective as compared
to unity power factor. The result shows that there is 80.72%
and 88.56% improvement in IEEE 33-bus and 69-bus net‐
works, respectively, when optimal power factor is consid‐
ered. Based on the evaluation from the investigation results,
we can conclude that the integration of discretized reconfigu‐
ration search space with simultaneous reconfiguration, sizing
and siting of DG and its power factor, significantly improves
the effectiveness of distribution network.

REFERENCES

[1] M. F. Sulaima, M. Mohd Fadhlan, M. H. Jali et al., “A comparative
study of optimization methods for 33 kV distribution network feeder
reconfiguration,” International Journal of Applied Engineering Re‐
search, vol.9, no. 9, pp. 1169-1182, Jan. 2014.

[2] D. Hung, N. Mithulananthan, and R. Bansal, “Analytical expressions
for DG allocation in primary distribution networks，” IEEE Transac‐
tions on Energy Conversion, vol. 25, no. 3, pp. 814-820, Oct.

2010.
[3] Y. Wu, C. Lee, L. Liu et al., “Study of reconfiguration for the distribu‐

tion system with distributed generators，” IEEE Transactions on Power
Delivery, vol. 25, no. 3, pp. 1678-1685, Aug. 2010.

[4] F. Capitanescu, L. F. Ochoa, H. Margossian et al., “Assessing the po‐
tential of network reconfiguration to improve distributed generation
hosting capacity in active distribution systems，” IEEE Transactions
on Power Systems, vol. 30, no. 1, pp. 346-356, Jan. 2015.

[5] M. P. Lalitha, V. V. Reddy, and V. Usha, “Optimal DG placement for
minimum real power loss in radial distribution systems using PSO，”
Journal of Theoretical & Applied Information Technology, vol. 13, pp.
107-116, Mar. 2010.

[6] Z. Moravej and A. Akhlaghi, “A novel approach based on cuckoo
search for DG allocation in distribution network，” International Jour‐
nal of Electrical Power & Energy Systems, vol. 44, no. 1, pp. 672-
679, Jan. 2013

[7] D. K. Khatod, V. Pant, and J. Sharma, “Evolutionary programming
based optimal placement of renewable distributed generators，” IEEE
Transactions on Power Systems, vol. 28, no. 2, pp. 683-695, May.
2013.

[8] J. Candelo and H. Hernández, “Location and size of distributed gener‐
ation to reduce power losses using a bat-inspired algorithm,” in Pro‐
ceedings of VII Simposio Internacional Sobre Calidad de la Energía
Eléctrica, Medellin, Colombia, Oct. 2013.

[9] A. Ameli, A. Ahmadifar, M. H. Shariatkhah et al., “A dynamic meth‐
od for feeder reconfiguration and capacitor switching in smart distribu‐
tion systems，” International Journal of Electrical Power & Energy
Systems, vol. 85, pp. 200-211, Feb. 2017.

[10] B. Amanulla, S. Chakrabarti, and S. Singh, “Reconfiguration of power
distribution systems considering reliability and power loss，” IEEE
Transactions on Power Delivery, vol. 27, no. 2, pp. 918-926, Apr.
2012.

[11] A. M. Imran and M. Kowsalya, “A new power system reconfiguration
scheme for power loss minimization and voltage profile enhancement
using fireworks algorithm，” International Journal of Electrical Power
& Energy Systems, vol. 62, pp. 312-322, Nov. 2014.

[12] R. S. Rao, S. V. L. Narasimham, and M. R. Raju, “Optimal network
reconfiguration of large-scale distribution system using harmony
search algorithm，” IEEE Transactions on Power Systems, vol. 26, no.
3, pp. 1080-1088, Sept. 2011.

[13] M. N. Nasir, N. M. Shahrin, Z. H. Bohari et al., “A distribution net‐
work reconfiguration based on PSO: considering DGs sizing and allo‐
cation evaluation for voltage profile improvement，” in Proceedings of
IEEE Student Conference on Research and Development, Batu Ferrin‐

Po
w

er
 lo

ss
 p

er
ce

nt
ag

e 
(%

)

1 2 3
Case

4

HSA; FWA; UVDA; CSA; Proposed

61.43

73.58

65.39

80.55 82.41

67.71

83.22 83.55

67.79

83.51
81.82

83.60

69.14

84.42 82.68 84.02

0

10

20

30

40

50

60

70

80

90

Fig. 3. Power loss percentage of IEEE 69 Bus System.

0.96

0.98

1.00

1.02

Bu
s v

ol
ta

ge
 (p

.u
.)

0.96

0.98

1.00

1.02

Bu
s v

ol
ta

ge
 (p

.u
.)

1 11 21 31 41 51 61 69
Bus number

1 11 21 31 41 51 61 69
Bus number

(a)

(b)

Case 1; Case 2; Case 3; Case 4

Case 4 with active power injection only
Case 4 with reactive power injection

Fig. 4. Voltage profile. (a) Voltage profile of IEEE 69-bus system. (b)
Comparison between voltage profile of DGs operating in active power and
reactive power mode.

92



MUHAMMAD et al.: DISTRIBUTION NETWORK PLANNING ENHANCEMENT VIA NETWORK RECONFIGURATION AND DG INTEGRATION...

ghi, Malaysia, Jan. 2014, pp 1-6. .
[14] R. S. Rao, K. Ravindra, and K. Satish et al., “Power loss minimiza‐

tion in distribution system using network reconfiguration in the pres‐
ence of distributed generation，” IEEE Transactions on Power Sys‐
tems, vol. 28, no. 1, pp. 317-325, Feb. 2013.

[15] A. M. Imran, M. Kowsalya, and D. Kothari, “A novel integration tech‐
nique for optimal network reconfiguration and distributed generation
placement in power distribution networks，” International Journal of
Electrical Power & Energy Systems, vol. 63, pp. 461-472, Dec. 2014.

[16] W. M. Dahalan, H. Mokhlis, and R. Ahmad et al., “Simultaneous net‐
work reconfiguration and DG sizing using evolutionary programming
and genetic algorithm to minimize power losses，” Arabian Journal for
Science and Engineering, vol. 39, no. 8, pp. 6327-6338, Jul. 2014.

[17] M. Lavorato, J. F. Franco, M. J. Rider et al., “Imposing radiality con‐
straints in distribution system optimization problems，” IEEE Transac‐
tions on Power Systems, vol. 27, no. 1, pp. 172-180, Feb. 2012.

[18] E. M. Carreno, R. Romero, and A. Padilha-Feltrin, “An efficient codi‐
fication to solve distribution network reconfiguration for loss reduction
problem，” IEEE Transactions on Power Systems, vol. 23, no. 4, pp.
1542-1551, Dec. 2008.

[19] M. R. Andervazh, J. Olamaei, and M. R. Haghifam, “Adaptive multi-
objective distribution network reconfiguration using multi-objective
discrete particles swarm optimisation algorithm and graph theory，”
IET Generation, Transmission & Distribution, vol. 7, no. 12, pp. 1367-
1382, Jan. 2013.

[20] S. K. Goswami and S. K. Basu, “A new algorithm for the reconfigura‐
tion of distribution feeders for loss minimization，” IEEE Transactions
on Power Delivery, vol. 7, no. 3, pp. 1484-1491, Aug. 1992.

[21] M. A. Muhammad, H. Mokhlis, K. Naidu et al., “Integrated database
approach in multi-objective network reconfiguration for distribution
system using discrete optimisation techniques,” IET Generation, Trans‐
mission & Distribution, vol. 12, no. 4, pp. 976-986, Oct. 2018.

[22] H. Eskandar, A. Sadollah, and A. Bahreininejad, “Water cycle algo‐
rithm – a novel metaheuristic optimization method for solving con‐
strained engineering optimization problems，” Computers & Structures,
vol. 110, pp. 151-166, Sept. 2012.

[23] M. M. Aman, G. B. Jasmon, A. H. A. Bakar et al., “A new approach
for optimum simultaneous multi-DG distributed generation Units place‐
ment and sizing based on maximization of system loadability using
HPSO (hybrid particle swarm optimization) algorithm，” Energy, vol.
66, pp. 202-215, Mar. 2014.

[24] A. Bayat, A. Bagheri, and R. Noroozian, “Optimal siting and sizing of
distributed generation accompanied by reconfiguration of distribution
networks for maximum loss reduction by using a new UVDA-based
heuristic method，” International Journal of Electrical Power & Ener‐
gy Systems, vol. 77, pp. 360-371, Nov. 2016.

[25] T. T. Nguyen, A. V. Truong, and T. A. Phung, “A novel method based

on adaptive cuckoo search for optimal network reconfiguration and dis‐
tributed generation allocation in distribution network,” International
Journal of Electrical Power & Energy Systems, vol. 78, pp. 801-815,
Jun. 2016.

Munir Azam received a B.E. degree in electronic engineering from Ham‐
dard University, Pakistan in 2010 and an M.E. degree in Industrial Electron‐
ics from Nadirshaw Eduljee Dinshaw University of Engineering & Technolo‐
gy, Pakistan in 2013. He is currently pursuing a Ph. D. in Electrical Engi‐
neering in the University of Malaya (UM), Malaysia. His research interests
include distribution automation, load shedding, distributed generation and
development of optimization strategies for a smart grid.

Hazlie Mokhlis received a B. E. degree in electrical engineering in 1999
and an M.Eng.Sc from the University of Malaya (UM), Malaysia in 2002
and a Ph.D. from the University of Manchester, UK in 2009. Currently, he
is a professor with the Department of Electrical Engineering and the Head
of UM Power and Energy System (UMPES) research group. His research in‐
terests include distribution automation and power system protection. Prof.
Mokhlis is a senior member of the IEEE, Chartered Engineer in U.K. and a
Professional Engineer in Malaysia

Kanendra Naidu received the B.Eng. (Hons) degree in electrical and elec‐
tronic engineering from University College Sedaya International University,
Malaysia in 2008, and the M.Eng. and Ph.D. degrees from the University of
Malaya, Malaysia in 2012 and 2015, respectively. Currently he is a Senior
Lecturer at Electrical Technology Section, University of Kuala Lumpur Brit‐
ish Malaysian Institute, Malaysia. His main research interests are power sys‐
tem control, stability, and optimization, smart grid, and artificial intelligence
in power system.

Adil Amin received his B.E. degree in electrical engineering from Mirpur
University of Science and Technology (MUST), Pakistan in 2012. He has
earned Master of Engineering in Power System from University of Malaya,
Malaysia. His area of interest includes power system planning and opera‐
tions, smart energy system, electric vehicle integration.

Mohamadariff Othman received his Bachelor’s degree in Electronic Engi‐
neering from Multimedia University, Malaysia in 2006, M.Sc. degree in RF
and Microwave from University of Science Malaysia (USM), Malaysia in
2008 and a Ph.D. in antenna and propagation also from the USM in 2015.
He is a senior lecturer of University of Malaya, Malaysia. His current re‐
search include optimization in antenna design, dielectric resonator antenna
and dielectric characterization.

93


