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Abstract—Individually Network reconfiguration or Capacitor con-
trol perform well in minimizing power loss and improving voltage
profile of the distribution system. But for heavy reactive power loads
network reconfiguration and for heavy active power loads capaci-
tor placement can not effectively reduce power loss and enhance
voltage profiles in the system. In this paper, an hybrid approach
that combine network reconfiguration and capacitor placement using
Harmony Search Algorithm (HSA) is proposed to minimize power
loss reduction and improve voltage profile. The proposed approach
is tested on standard IEEE 33 and 16 bus systems. Computational
results show that the proposed hybrid approach can minimize losses
more efficiently than Network reconfiguration or Capacitor control.
The results of proposed method are also compared with results
obtained by Simulated Annealing (SA). The proposed method has
outperformed in terms of the quality of solution compared to SA.

Keywords—Capacitor Control, Network Reconfiguration, Har-
mony Search Algorithm, Loss Reduction, Voltage Profile.

I. INTRODUCTION

DUE to high load density and increased power demand, the
operation of distribution systems becomes complicated.

In order meet the required load demand, system must be
expanded by increasing the substation capacity and num-
ber of feeders. However, this may not be easily achieved
for many utilities due to various constraints. Therefore, to
provide more capacity margin for substation to meet load
demand, loss minimization techniques are employed. Studies
indicate that about 70% of total losses occur in distribution
system only [1]. There are many alternatives available for
reducing losses at the distribution level of which network
reconfiguration, capacitor compensation are most effective.
Under normal operating conditions distribution networks are
reconfigured for minimizing losses and improving the volt-
age profiles by changing the status of tie and sectionalizing
switches. However, for heavy reactive power loads, network
reconfiguration can not effectively reduce the power losses
caused by reactive power flow. The fixed or switched capacitor
installation can also minimize real losses and enhance voltage
profiles by reducing the reactive power flow in the system.
But for heavy active power loads this method is not effective.
Though the objective of these two methods are same but have
different properties and limitations. If these two methods are
combinedly optimized, better results will certainly be obtained
than that of any one method. Since network reconfiguration
and capacitor placement are complex combinatorial problems,
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most of the authors addressed network reconfiguration without
considering the capacitor installation [1]- [9], or capacitor in-
stallation problems without considering reconfiguration [10]-
[17]. However, only a few papers on loss minimization using
both network reconfiguration and capacitor placement had
been presented. Jiang and Baldick [18] proposed Simulated
Annealing (SA) algorithm in which network reconfiguration
was used as master solution algorithm and capacitor control
was used as slave algorithm for the combined optimization in
distribution systems. Also, three search schemes, quick search,
feasible search, and full search, are designed and studied.
Su and Lee [19] also proposed modified SA approach for
optimizing combined network reconfiguration and capacitor
placement problem. In [20]- [21], Improved Genetic Algo-
rithms (IGA) was applied to joint optimization problem by
alternately performing feeder reconfiguration and capacitor
control.

In this paper, HSA is proposed to minimize real power
loss in the given distribution system by using both network
reconfiguration and capacitor placement with. The proposed
method is tested on 33 and 16 bus systems to evaluate the
performance of the algorithm and the results obtained are
encouraging.

The rest of the paper is organized as follows: Section II
gives the problem formulation; Section III outlines Harmony
Search Algorithm; Section IV provides the application of HSA
for hybrid approach for loss minimization; Section V develops
the test results and Section VI gives conclusions.

II. FORMULATION OF OPTIMIZATION PROBLEM

A. Objective function

The objective of the present optimization problem is to
minimize the network power loss and maximize the voltage
regulation in a given distribution system. Mathematically, the
objective function is formulated as:

Minimize f =
L∑

i=1

|Ii|
2Ri + λ

n∑
k=1

(Vk − Vs)2 (1)

Subject to
g(x) = 0 (2)

det(A) = 1 or − 1 (radial system) (3)

det(A) = 0 (not radial system) (4)
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where
L - Number of branches in the system;
Ri - Resistance of branch i;
Ii - Line current at branch i ( i=1, 2,...., L);
g(x) - Power flow equations;
Vk - Voltage at node k ( k=1, 2,...., n);
Vs - Voltage magnitude of Substation;
A - Bus incidence matrix;
n - Number of buses in the network;

In addition to above constraints, other constraint considered
is all the loads in the system must be served. To check this
constraint, routes and degree of all buses have obtained and
routes of all buses need to have main bus number in first of
its route.

B. Power flow equations

The following power flows equations are derived from
single-line diagram as shown in Fig. 1.

Fig. 1. Single-line diagram of a main feeder

The real power flow equation is given as

Pk+1 = Pk − PLoss,k − PLk+1 (5)

where PLoss,k is given as

PLoss,k = {P 2
k + (Qk + Yk0|Vk|

2)2}
rk

|Vk|2

The reactive power flow equation is given as

Qk+1 = Qk −QLoss,k −QLk+1 (6)

where QLoss,k is given as

QLoss,k = {P 2
k + (Qk + Yk0|Vk|

2)2}
xk

|Vk|2

−Yk0|Vk|
2 − Yk+1,0|Vk+1|

2

|Vk+1|
2 = |Vk|

2 +
r2
k + x2

k

|Vk|2
{P 2

k + Q
′2
k }

−2{rkPk + xkQk}

= |Vk|
2 +

r2
k + x2

k

|Vk|2
{P 2

k + (Qk + Yk0|Vk|
2)2}

−2{rkPk + xk(Qk + Yk0|Vk|
2)} (7)

where Pk and Qk are the real and reactive powers flowing
out of bus k, and PLk+1 and QLk+1 are real and reactive

load powers at bus k+1. The shunt admittance is denoted by
Yk0 at bus k to ground. The resistance and reactance of line
section between buses k and k+1 are denoted by Ri and Xi,
respectively.

The power loss of the line section connecting buses k and
k+1 may be computed as

PLoss(k, k + 1) = ri

(P 2
k + Q

′2
k )

|Vk|2
(8)

where ri is resistance in the feeder i.
The total power loss in all feeders, PT,Loss may then be

determined by summing up the losses of all line sections of
the feeder, which is given as

PT,Loss =
L∑

i=0

PLoss(k, k + 1) (9)

III. HARMONY SEARCH ALGORITHM

The Harmony Search Algorithm (HSA) is a new meta-
heuristic population search algorithm proposed by Geem, Kim,
and Loganathan [22]. HSA was derived from the natural
phenomena of musicians behavior when they collectively play
their musical instruments (population members) to come up
with a pleasing harmony (global optimal solution). This state
is determined by an aesthetic standard (fitness function). The
HS algorithm, is simple in concept, few in parameters, and
easy in implementation, has been successfully applied to
various benchmarking, and real-world problems like traveling
salesman problem [23]. The main steps of HSA are as follows
[22]:

Step 1: Initialize the problem and algorithm parameters
Step 2: Initialize the harmony memory
Step 3: Improvise a new harmony
Step 4: Update the harmony memory
Step 5: Check the termination criterion

These steps are described in the next ve subsections.

A. Initialize the problem and algorithm parameters

The HS parameters are specified in this step. These are
harmony memory size ( HMS), or number of solution vectors
in the harmony memory; harmony memory considering rate (
HMCR); pitch adjusting rate ( PAR); and number of impro-
visations ( NI) or stopping criterion. The harmony memory
( HM) is a memory location where all solution vectors (sets
of decision variables) are stored. The HM is similar to the
genetic pool in the genetic algorithms ( GA). The parameters
HMCR and PAR are are used to improve the solution vector
and these are defined in step 3.

B. Initialize the harmony memory

In this step, the HM matrix is filled with as many randomly
generated solution vectors as the HMS:
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HM =

⎡
⎢⎢⎢⎢⎢⎣

x1
1 x1

2 . . . x1
N

x2
1 x2

2 . . . x2
N

...
...

...
...

xHMS−1
1 xHMS−1

2 . . . xHMS−1
N

xHMS
1 xHMS

2 . . . xHMS
N

⎤
⎥⎥⎥⎥⎥⎦

(10)

C. Improvise a new harmony

A New Harmony vector �x′ = (x
′

1, x
′

2, ..., x
′

N ) is generated
based on three rules:

• Memory consideration
• Pitch adjustment
• Random selection

Generating a new harmony is called improvisation [22]. In
memory consideration, the value of the first decision variable
(x

′

1) for the new vector is chosen from any of the values in the
specified HM range (x1

1−xHMS
1 . Values of the other decision

variables x
′

2, x
′

3, ..., x
′

N are chosen in the same manner. The
HMCR, which varies between 0 and 1, is the rate of choosing
one value from the historical values stored in the HM, while
(1- HMCR) is the rate of randomly selecting one value from
the possible range of values, as shown in (11).

if(rand()<HMCR)

x
′

i ← x
′

i ∈ {x
1
i , x

2
i , ..., x

HMS
1 }

else

x
′

i ← x
′

i ∈ Xi

end (11)

where rand( ) is a uniform random number between 0 and
1 and Xi is the set of the possible range of values for each
decision variable, that is Lxi ≤ Xi ≤ Uxi.

For example, a HMCR of 0.85 indicates that the HSA will
choose the decision variable value from historically stored
values in the HM with an 85% probability or from the entire
possible range with a (100-85)% probability. Every compo-
nent obtained by the memory consideration is examined to
determine whether it should be pitch adjusted. This operation
uses the parameter, which is the rate of pitch adjustment as
follows:For example, a HMCR of 0.85 indicates that the HSA
will choose the decision variable value from historically stored
values in the HM with an 85% probability or from the entire
possible range with a (100-85)% probability. Every compo-
nent obtained by the memory consideration is examined to
determine whether it should be pitch adjusted. This operation
uses the parameter, which is the rate of pitch adjustment as
follows:

if(rand()<PAR)

x
′

i = x
′

i ± rand() ∗ bw

else

x
′

i = x
′

i

end (12)

where bw is an arbitrary distance bandwidth.

D. Update harmony memory

If the new harmony vector,�x′ = (x
′

1, x
′

2, ..., x
′

N ), has better
fitness function than the worst harmony in the HM, the new
harmony is included in the HM and the existing worst harmony
is excluded from the HM.

E. Check stopping criterion

The HSA is terminated when the stopping criterion (e.g.
maximum number of improvisations) has been met. Otherwise,
steps 3 and 4 are repeated.

IV. SOLUTION METHODOLOGY

The combined network reconfiguration and capacitor setting
problem is a complex combinatorial optimization problem,
getting the optimal solution using conventional methods is
very difficult. In this paper, a nature inspired evolutionary
algorithm, HSA, that mimics the improvisation process of
music players is applied to minimize loss in the system.

The main idea, in this optimization process, is to get best
combinations of open/closed switches of the given system and
place an optimal size of capacitors at sensitive buses so that
the combined network must give minimum real power loss
and improve the voltage profile in the system.

In general, the structure of solution vector [2] for recon-
figuration of a radial distribution system is expressed by Arc
No.(i) and SW. No.(i) for each switch i. Arc No.(i) identifies
the arc (branch) number that contains the ith open switch,
and SW. No.(i) identifies the switch that is normally open on
Arc No.(i). For large distribution networks, it is not efficient
to represent every arc in the string, since its length will be
very long. In fact, the number of open switch positions is
identical to keep the system radial once the topology of the
distribution networks is fixed, even if the open switch positions
are changed. Therefore, to memorize the radial configuration,
it is enough to number only the open switch positions. Since
the problem in hand is a combined optimization problem, the
solution vector must contain the open switch numbers and
capacitor setting values. Hence the first part of variables in
the solution vector is open switch numbers and second part
of variables is sizes of the capacitor settings. The second part
of the solution vector is kVAR values required to be placed
at different nodes in the system. If a network has n buses
and s is number of available capacitor sizes, then there are
(s + 1)n possible combinations of solution are possible. This
requires a lot of computational burden. In order to reduce the
computational efficiency and dimension of the solution vector,
voltage stability indices are used to select most sensitive nodes
which require reactive power compensation. The procedure of
computing voltage stability index is given in Appendix.

The format of the solution vector in Harmonic Memory
(HM) matrix is

HMS =

⎡
⎢⎣O1 . . . On︸ ︷︷ ︸

Tie Switches

kV ARi . . . kV ARm︸ ︷︷ ︸
Capacitor sizes

⎤
⎥⎦
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In order to explain the proposed method, a standard IEEE
33-bus distribution system is considered. It consists of 32
normally closed switches and 5 normally opened switches as
shown in Fig. 2. This network contains one tie switch in each
loop and these are designated as 33, 34, 35, 36, and 37. In the
solution process only tie switches are used to form solution
vectors of the HMS.

Fig. 2. Configuration of 33-bus system for solution vector 1 (HMS1)

The computation of voltage stability indices help to select
optimal locations (most sensitive nodes) for capacitor place-
ment in the system. For this network optimal locations are
computed as 6, 28, 29, 30 and 9 which require reactive power
compensation to minimize power loss and improve voltage
profile. Thus the second part contains three variables and
these are capacitor kVAR ratings. Throughout the optimization
process the dimension of second part of the solution vector is
constant and only optimal size of the capacitor at a node will
vary. The solution vector (HMS1) for this configuration is
represented as:

HMS1 =

⎡
⎢⎣33 34 35 36 37︸ ︷︷ ︸

Reconfiguration

kV ARi . . . kV ARm︸ ︷︷ ︸
Capacitor P lacement

⎤
⎥⎦

The kVAR values are chosen randomly from 0 to maximum
size of the capacitors available. For other solution vector
(HMS2), a radial network, shown in Fig. 3, is randomly
generated with open tie switches 19, 13, 21, 30, and 24 without
violating the radiality constraint given in (3).

For this configuration the solution vector is represented as:

HMS2 =

⎡
⎢⎣19 13 21 30 37︸ ︷︷ ︸

Reconfiguration

kV ARi . . . kV ARm︸ ︷︷ ︸
Capacitor P lacement

⎤
⎥⎦

In the fashion, all the other possible solution vectors ran-
domly are generated without violating the radial structure or

Fig. 3. Configuration of 33-bus system for solution vector 2 (HMS2)

islanding any load in the network. For this network, total
number of solution vectors generated are less than or equal to
highest numbers of switches in any individual loop. The total
Harmony Matrix ( HM) generated randomly with objective
function values is shown below.

⎡
⎢⎢⎢⎣

19 13 21 30 37 kV ARi .. kV ARm | f1

6 34 14 30 37 kV ARj .. kV ARi | f2

...
...

...
...

...
... ..

... |
...

33 34 35 36 37 kV ARm .. kV ARj | fn

⎤
⎥⎥⎥⎦

The objective function values (f1, f2, ...., fn) shown in the
last column of the HM matrix are sorted in ascending order to
eliminate the worst solution vectors in the next iteration. The
new solution vectors are updated by using (12). Using the
new solution vectors, the worst vectors of previous iteration
will be eliminated with a new random vectors selected from
the population that has less objective function value. This
procedure is repeated until termination criteria is satisfied. The
flow chart of the proposed algorithm is shown in Fig. 4.

V. TEST RESULTS

To demonstrate the application of the proposed method,
three different test systems comprising of 33 and 16 buses
are considered. In all the systems, the substation voltage is
considered as 1 p.u. The algorithm was developed in MATLAB
and simulations are carried using Pentium IV computer with
3.0 GHz, 1GB RAM.

A. Test System I

The first test system is a 33bus, 12.66 kV, radial distribution
system [2] as shown in Fig. 2. It consists of five tie lines and
32 sectionalize switches. The normally open switches are 33
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Fig. 4. Flow chart of the proposed algorithm

to 37 and the normally closed switches are 1 to 32. The line
and load data of the network is obtained from reference [2]
and the total real and reactive power loads on the system are
3715 kW and 2300 kVAr. The initial power loss of this system
is 202.771 kW. The lowest bus bar voltage limit is 0.9131 p.u
which occurs at node 18.

From computations of voltage stability index, most sensitive
buses in the system are identified as {6, 28, 29, 30, 9}and
capacitors banks are installed at these buses to improve the
voltage profile. The sizing of Capacitors at candidate buses
are done by using HSA along reconfiguration. The parameters
HSA used in the simulation of the network is shown in Table I.

For the purpose analysis, we had investigated three cases
using the proposed approach.

Step 1: Only feeder reconfiguration
Step 2: Only capacitor placement
Step 3: Combining case 1 and 2 (Hybrid Approach)

TABLE I
PARAMETER VALUES OF HARMONY SEARCH ALGORITHM

item Value
HMS Size 15
Number of variables 10 [5 for reconfiguration +

5 for capacitor placement]
HMCR 0.9
Number of iterations 200

The final result of the proposed method is shown in Table II.
Simulation results are also obtained by applying Simulated
Annealing (SA) algorithm [19] in above three cases for
comparison and are shown in Table III.

TABLE II
FINAL RESULTS OF 33-BUS SYSTEM USING PROPOSED

METHOD

item Initial Final configuration
config- Case 1 Case 2 Case 3
-uration

Switch 33, 34, 35, 33, 14, 8 – 33, 14, 8,
status 36, 37 32,28 32, 28
Capacitor – – 900 (6) 900 (6)
installation 300 (28) 300 (28)
(kVAR) 600 (29) 600 (29)

300 (30) 300 (30)
300 (9)

Total Power 202.66 137.78 135.16 119.72
Loss (kW)
Power loss – 32.02 33.33 40.93
reduction (%)
Minimum Bus 0.9131 0.9301 0.9349 0.9411
Voltage (pu)

B. Test system II

This test system consists of three feeders, 13 sectionalizing
switches, and three tie switches [19]. The load of the system
is assumed to be constant and the system is taken from [19].
The sensitive buses of the system are computed as {4, 8, 13}
and capacitors banks are installed at these buses to improve
the voltage profile. The capacitor bank sizes and simulation
paprmeters of HSA used in this test system is same as test case
I. The size of the population is taken as 13. The simulation
results of the system is shown in Table IV. Simulation results
are also obtained by applying Simulated Annealing (SA)
algorithm [19] in above three cases for comparison and are
shown in Table Table V..

VI. CONCLUSION

In the paper, a new hybrid approach using Harmony Search
Algorithm (HSA) is proposed for real power loss reduction
and voltage profile improvement in the distribution system.
For comparison, the following three cases are considered and
are applied on 33-bus and 3-feeder, 16-bus systems:

Step 1: Only feeder reconfiguration
Step 2: Only capacitor placement
Step 3: Combining case 1 and 2 (Hybrid Approach)

From the results it has been observed that reduction in
losses and improvement of voltage in the system can be
achieved using either network reconfiguration (case 1) or
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TABLE III
COMPARISON OF RESULTS FOR 33-BUS SYSTEM

Item Proposed Simulated Annealing
Appraoch (SA) [19]

Initial 33,34,35, 33,34,35,
Switches Status 36, 37 36, 37
Minimum Bus
Voltage (pu) 0.9131 0.9131
Power Loss
for Base case 202.66 202.66
Case 1
Final Configurat- 33, 14, 8, 7, 14, 9,
-ion of switches 32, 28 32, 37
Power Loss (kW) 137.78 142.60
Loss reduction (%) 32.02 29.63
Minimum Bus
Voltage (pu) 0.9301 0.9294
Case 2
Capacitor Bus 6=900 Bus 6=1050
installation Bus 28=300 Bus 28=450
(kVAR) Bus 29=600 Bus 29=300

Bus 30=300 Bus 30=300
Power Loss (kW) 135.16 136.11
Loss
reduction (%) 33.33 32.84
Minimum Bus
Voltage (pu) 0.9349 0.9301
Case 3
Final Configurat 33, 14, 8, 7, 14, 9,
-ion of switches 32, 28 32, 37
Capacitor Bus 6=900 Bus 6=1050
installation Bus 28=300 Bus 28=450
(kVAR) Bus 29=600 Bus 29=300

Bus 30=300 Bus 30=300
Bus 9=300 Bus 9=150

Power Loss (kW) 119.72 124.29
Loss reduction (%) 40.93 38.67
Minimum Bus
Voltage (pu) 0.9411 0.9399

TABLE IV
FINAL RESULTS OF 16-BUS SYSTEM USING PROPOSED

METHOD

item Initial Final configuration
config- Case 1 Case 2 Case 3
-uration

Switch 15, 21, 26 19, 17, 26 – 19, 17, 26
status
Capacitor – – 1950 (4) 1950 (4)
installation 1500 (8) 1500 (8)
(kVAR) 600 (13)
Total Power
Loss (kW) 511.10 464.20 485.16 449.53
Power loss
reduction (%) – 9.17 5.07 12.05
Minimum Bus
Voltage (pu) 0.9693 0.9731 0.9718 0.9760

capacitor placement (case 2). However for case 3 the results
are better than than that of case 1 and 2 for both 33 and 16-
bus systems. The results are also compared with the results
obtained with Simulated Annealing algorithm. The proposed
HSA method has outperformed the other method in terms of
the quality of solution. Further it can be conclude that the type
of method used loss reduction voltage profile improvement is
highly depends on type of loads the system is feeding. For
heavy active power loads the network reconfiguration and for
heavy reactive power loads capacitor placement are suggested

TABLE V
COMPARISON OF RESULTS FOR 16-BUS SYSTEM

Item Proposed Simulated Annealing
Appraoch (SA) [19]

Initial
Switches Status 15, 21, 26 15, 21, 26
Minimum Bus
Voltage (pu) 0.9693 0.9693
Power Loss
for Base case 511.10 511.10
Case 1
Final Configurat-
-ion of switches 19, 17, 26 19, 17, 26
Power Loss (kW) 464.20 466.00
Loss reduction (%) 9.17 8.82
Minimum Bus
Voltage (pu) 0.9731 0.9716
Case 2
Capacitor Bus 4=1950 Bus 4=1800
installation Bus 8=1500 Bus 8=1800
(kVAR)
Power Loss (kW) 485.16 493.80
Loss
reduction (%) 5.07 3.38
Minimum Bus
Voltage (pu) 0.9718 0.9713
Case 3
Final Configurat
-ion of switches 19, 17, 26 19, 17, 26
Capacitor Bus 4=1950 Bus 4=1800
installation Bus 8=1500 Bus 8=1800
(kVAR) Bus 13=600 Bus 13=900
Power Loss (kW) 449.53 451.30
Loss reduction (%) 12.05 11.17
Minimum Bus
Voltage (pu) 0.9760 0.9736

methods for loss reduction and voltage profile improvement.
But the Hybrid approach is applicable for any type of loading
conditions.

APPENDIX A
DERIVATION FOR VOLTAGE STABILITY INDEX

Fig. 5. Representative branch of radial distribution system

From Fig. 5.,

Ii =
Vk − Vk+1

Ri + jXi

(13)

Pk+1 − jQk+1 = V ∗

k+1Ii (14)

where
k, k + 1 - Sending, Receiving end nodes of a branch
Pk+1 - Total Real Power load fed through node k + 1
Qk+1 - Total Reactive Power load fed through node k + 1
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Vk, Vk+1 - Voltage at node k and k + 1

Using 13 and 14, Voltage stability index of node k + 1 is
written as

SI(k + 1) = |Vk|
4 − 4{Pk+1Ri + Qk+1Xi}|Vk|

2

−4{Pk+1Xi −Qk+1Ri}
2 (15)

For stable operation of radial distribution system, SI(k +
1) ≥ 0 for k + 1 = 2, 3, ......, n, so that there exists a feasible
solution. Nodes with minimum voltage stability index, which
are are prone to voltage instability, in different laterals of
radial distribution system are chosen as candidate locations
for placement of capacitors.
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