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1. Introduction 

Power distribution networks (PDN) are 
important structures within the power system, 
and therefore the improvement of their 
performances is set as main target of 
electricity companies, in the context of 
market liberalization. To achieve this goal, 
the optimal placement of capacitor banks in 
PDN is one of the possible solutions, having 
multiple positive effects, such as: voltage 
level and power factor improvement in the 
network, feeders’ capacity increment, active 
power losses reducing [1, 2]. All these effects 
imply lower operating costs for companies. In 
order the benefits of capacitor banks 
placement to be as big, they must be positioned 
and   sized   correctly   using   appropriate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mathematical models and methods [3, 4, 5]. 

Most mathematical models used in literature 
have as objective function minimizing the 
costs with technical and economic restrictions 
of inequality and equality, but the solving 
techniques have diversified over time 
following the development of computing 
techniques and algorithms. Regarding the 
capacitors placement problem within the 
PDN, the classic techniques are based upon 
integer programming [6], nonlinear 
programming (gradient method) [7], but the 
solutions obtained do not guarantee achieving 
the optimum. The problem has been 
addressed successfully by using the 
techniques of search and optimization based 
on simulated annealing [8], genetic algorithm 
[3,9], immune algorithm [10], Particle Swarm 
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Optimization [11, 12, 13], Ant Colony Search 
Algorithm [1] or hybrid solutions [14, 15].  

Capacitor banks placement in PDN is a 
complex combinatory problem which can be 
solved using the ability of ant system 
algorithms [16, 17, 18] or later developed 
varieties [19, 20], applied in various fields 
[21, 22, 23, 24]. 

In this paper, an algorithm based on Ant 
Colony Optimization (ACO) is presented in 
order to solve the problem of optimal 
capacitor banks placement in PDN, 
considering their layout on the low voltage 
nodes of the network. Objective function is 
based on a nonlinear cost model with equality 
restrictions, described by the equations of the 
network functioning, and inequality 
constraints related to the voltage level, 
voltage drops and capacitors’ limits. 

2. Optimization Problem Formulation 

A medium and low voltage radial power 
distribution network of n nodes is considered. 
Figure 1 shows the medium voltage nodes nM 
and the low voltage ones nJ. The network is 
fed from a high/medium voltage power station 
nodes and has got nS line sections (S) and nT 
transformers (T) of medium/low voltage. 

 

 

 

 

 

 

 

 

In order to solve the problem, the following 
are considered known: 

 power network configuration; 

 power lines longitudinal electricity 
parameters, that are represented as 
complex numbers by the impedance of a 
section (i,j): 

ZS
i,j = RS

i,j + i·XS
i,j (1) 

 transformers longitudinal electricity 
parameters, represented by the impedance 
of a (j,j') transformer: 

ZT
i,j = RT

j,j' + i·XT
j,j' (2) 

 transformers cross electricity 
parameters, represented by the 
admittance of a (j,j') transformer: 

YT
j,j' = GT

j,j' - i·B
T

j,j' (3) 

 active power (PLj) and reactive power (QLj) 
consumed in every j node of the network. 

The following notation that have been used: 
(RS

i,j, X
S
i,j), (R

T
j,j', X

T
j,j') are the resistance and 

reactance of the (i,j) line section, respectively 
the resistance and reactance of a transformer 
that are positioned between the (j,j') nodes, 
and (GT

j,j', BT
j,j') is the conductance and 

susceptance of (j,j') transformer. 

The optimal placement problem of capacitor 
banks in power distribution networks consists 
in determination of layout and dimension of 
capacitor banks, so that the costs due to 
active power losses in all network and the 
costs of acquisition and installation of 
capacitor banks to be minimal, but complying 
with technical restrictions.  

The mathematical model of the optimal 
allocation of capacitor banks in a power 
distribution network comprises of: 

 

 

 

 

 

 

 

a). Discreet variables that have to be 
optimized, and are represented by the reactive 
power vector Qc=[Qc1, Qc2,...,Qcn] of 
capacitor banks that must be installed in 
power network nodes.  

b). Objective function F, that consists of the 
cost of active power losses in all network and 
the acquisition costs of capacitor banks, and 
have the following expression: 

Figure 1. Radial distribution power network having branches 
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where: 

PS, PT are losses of active power in all 
power line sections (S) of network having n 
nodes, respectively in all power transformers 
(T) installed in the network; 

Cp is the cost of the active power losses, in 
[m.u./kW year]; 

Cq is the annual cost unitary installation of 
the capacitor banks, in [m.u./kVAr]; 

m.u. – monetary units [EUR, USD etc.]. 

The two categories of losses PS, PT may be 
calculated using the following relations: 
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where: 

Uj([Qc]) is the voltage of j node, depending 
to the vector of variables [Qc]; 

PS
i,j, PT

j,j’ are the active power losses for a 
random (i, j) section of line, respectively for a 
(j, j') transformer; 

IS
i,j([Qc]), IT

j,j’([Qc]) are the currents through 
line type sides and through transformers; 

ML and MT sides set of power line type, 
respectively of transformers type. 

Currents running through transformers and 
line type sides depend to [Qc] variables. 
IS

i,j([Qc]), IT
(j,j')([Qc]) and Uj([Qc]) 

characterize the network status by using a 
system of equations that represent the 
equality restrictions of the problem. These 
values are determined by calculating the 
power circulation for permanent nominal 
operation of the analyzed network. 

c). The restriction relations are defined by a 
set of equations and inequations that 
guarantee network operation and keeping in 
admitted limits the parameters characterizing 
the system state. The following restrictions 
are considered: 

c1). Equality restrictions between currents 
that circulate through network sides RI

(i,j), 
respectively between voltages of two 
consecutive nodes (RU

(i,j) and RU
(j,j') type), 

relations that insure the power network is 
normally operating in each moment: 

, , ,( , ) 0
j

L T LI
i j j j j j ki j T

k S

R I I k I I


       (7) 
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for power lines 
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for transformers 
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Sj represents the nodes set connected to j node. 

Number of restrictions of RI
(i,j) type is equal 

to (nS - 1), the one of restrictions of RU
(i,j) type 

is nS and of RU
(j,j') type is nT. 

c2) Inequality restrictions (as many as 2n) 
refer to keeping voltage module into the 
admissible limits: 

min max([ ])i i iU U Qc U  ,  i = 1...n (11) 

c3) Inequality restrictions (as many as 2n) 
referring to limits of capacitor banks reactive 
power allocated in network nodes: 

min max
i i iQc Qc Qc  , i = 1...n (12) 

c4) Inequality restrictions referring to 
keeping voltage drops into the admissible 
limits for all sided sections of the network 
(voltage drops U1,e([Qc]) that are included 
between feeding (supply) point 1and extreme 
consumption nodes of the network): 

  max
1, [ ]e admU Qc U    (13) 

where e is the number of extreme 
consumption nodes of the network. 
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3. Algorithm Based on ACO for 
Optimal Placement of Capacitor 
Banks in PDN 

3.1 Description and mathematical 
formulation of ACO algorithm 

ACO algorithm was first proposed by M. 
Dorigo [25] and is inspired by the actual 
behavior of ants, which are able to find the 
shortest path between nest and food sources. 
In searching for food the ants deposit a 
substance called “pheromone”, and the 
critical communication mean of the ants in 
order to generate the shortest path finding 
behavior is the amount of pheromone 
deposited on the routes covered by ants. If the 
path is used by many ants, the amount of 
pheromone on this route increases, and also 
increases the possibility of this path to 
become the solution. In the same time, the 
route which is not covered by ants is poor of 
pheromone and its possibility of becoming 
the goal path decreases. 

The algorithm begins by setting parameters 
and initialization of pheromone on each path, 
and then, in an iterative cycle, each ant finds 
a solution, generating a complete tour by 
choosing the locations covered in accordance 
to a probabilistic rule. Mathematically, the 
probability (p(h)

(i,j)) with which an ant h 
chooses to move from a location i to another 
one j is:  

   
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( )
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, ( )
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




 (14) 

where: τ(i,j) is the pheromone amount stored 
on the edge between the locations i and j; 

Nh(i) represents the set of nodes which 
remain to be visited by ant k situated in 
location i; 

(i,j) is a parameter which offers additional 
heuristic information to determine more 
quickly the solution; 

,  are coefficients indicating the importance 
of τ(i,j), respective (i,j) parameter. 

The amount of pheromone deposited on edge 
(i,j) is permanently altered. If τ(i,j) is the 

intensity of pheromone trail on the edge (i,j) 
at time t, then after n periods of time (p(h)

(i,j)) 
the pheromone trail updating is done in 
accordance to the relation: 

1

( ) ( ) (1 )
m

h
ij ij ij

h

t n t    


        (15) 

where: ρ is the pheromone evaporation rate, 
having values within the [0,1] interval; 

m is the number of ants; 

h
ij represents the amount of pheromone 

stored on the edge (i,j) due to ant h 
contribution in a tour, contribution 
determined based on the relation: 

/ , ( , )

0,
h hh

ij

Q L if i j S

otherwise



 





 (16) 

where: Q is a constant; 

Lh is the tour length of the ant h; 

Sh is the set of edges (i,j) forming ant h tour.  

The algorithm runs iteratively until the 
stopping condition is met, such as imposing a 
maximum number of iterations admitted or 
when all the ants follow the same path.  

3.2 ACO applied to optimize the 
capacitor banks placement 

The algorithm designed for solving the 
optimization model is based on ACO 
metaheuristic. The calculation of currents 
flowing through branches and the nodes 
voltage of the power distribution network is 
required in order to apply and implement 
ACO algorithm in a programming language. 

a) Calculation of the currents flowing through 
the network branches IS

i,j([Qc]), IT
j,j'([Qc]) and 

the voltage in the network nodes Uj([Qc]) was 
done using an iterative method (based on 
relations (7)(10)), which is specific to radial 
networks, known in literature as 
backward/forward sweep. In the source node 1 
the voltage is considered constant. For each 
solution generated by the ACO algorithm we 
have calculated the flow of currents and the 
nodes voltage, using a Mathcad computation 
program (PowerFlow) designed by the authors. 
Then the imposed restrictions are verified, 
based upon the (11)  (13) inequations and the 
power losses in the network are computed, 
using the relations (5) and (6). 
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b) ACO algorithm is based on iterative 
application of relations (14)(17) and on 
calling PowerFlow computation program for 
each solution found by an ant. To calculate 
(i,j) parameter the authors have proposed 
the relation: 

  1

0( , ) ( 1)opt
ii j Qc Qc i 


     (17) 

where: Qci
opt is the best solution determined 

by the current iterative step; 

Qc0 is a constant representing unit of power 
selected for a capacitor bank installed in a 
network node. 

The coefficient  was computed 
experimentally by the authors, for the specific 
data of this problem. 

c) The main steps in implementing the 
algorithm based on ACO to optimize the 
capacitor banks placement are listed below: 

Step 1. Parameters Setting. The parameters 
of ACO algorithm are set: the number of ants 
forming the colony (m), the maximum 
number of iterations set Nmax, the coefficients 
,  and , the pheromone evaporation rate , 
the values of the constants Q and Qc0. 

Step 2. Data Input. The network structure is 
read, the parameters of the power network 
(ZS

i,j, ZT
i,j, YT

j,j'), active and reactive loads of 
nodes (PLj, QLj) are introduced, and also the 
constants Cp and Cq.  

Step 3. Calculation of objective function for 
the initial solution F [Qc0]. Initial solution is 
given by  the option in which the network is 
uncompensated (without capacitor banks), 
namely the vector of variables is set to 
[Qc0]=[0, 0,...,0]. The calculation is done by 
calling PowerFlow program to determine the 
currents flowing and nodes voltage (relations 
(7)(10)), power losses (relation (5) and (6)) 
and the objective function (relation (4)).  

Step 4. ACO Initialization. The amount of 
pheromone deposited on each edge (i,j) in the 
transition process from position i to position j 
is initialized. Initially, the amount of 
pheromone has the same value 0 for each of 
the edges (i,j0, i=0.. Qci

max, j=1..n).  

Step 5. Solutions Construction. We consider 
an ant colony consisting of m ants. In one 
iteration p of the optimization process there 
are sent m ants, and each of them generates a 

solution for the problem [Qc]p,h. The 
solutions are derived from the probabilities 
p(h)(i,j), computed for each edge (i,j), using 
relation (14). 

Step 6. Calculation of the currents flowing in 
the branches and the nodes voltage. For the 
m solutions obtained at each iteration p, 
PowerFlow program is calling to compute the 
power losses in the network and the voltages, 
then there are verify the restrictions imposed 
by relations (7)(13). If at least one of the 
restrictions is not verified, then the solution is 
abandoned and we return to step 5. 

Step 7. Objective function evaluation. For 
feasible solutions the values of the objective 
function are evaluated, using relation (4). The 
best solution obtained from all the iterations 
performed [Qc]opt is retained and also the 
corresponding objective function value 
Fopt=min(F[Qc]p,h])=min(F[Qc]opt]). When 
reaching the maximum number of iterations 
required Nmax, [Qc]opt represents the solution 
considered optimal, otherwise the process 
continues with pheromone updating. The 
amount of pheromone for edges (i,j) is 
updated, according to the next step. 

Step 8. Pheromone updating. It is made for 
each iteration p, in accordance with relations 
(15) and (16), after all m ants have generated 
a complete solution. At each iteration p each 
ant itinerary is retained, and then the amount 
of pheromone is updated. 

Step 9. Process stop. The condition for 
ending the optimization process is determined 
either by the maximum number of iterations 
set Nmax or by the situation in which all the 
ants follow the same itinerary, hence 
generating the same solution. If the number 
of iterations is exceeded or all the ants follow 
the same route, the calculation process ends, 
otherwise it returns to step 5. 

The nine steps algorithm has been 
implemented in a Mathcad module, named 
ACOPlacement.  

4. Case Study 

The proposed method for optimal placement of 
capacitor banks using ACO algorithm was 
implemented in Mathcad, on a personal computer 
having1.58 GHz Processor and 896 MB RAM. 

For  the  designed  algorithm  it  was  used  a 
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Table1. Data of the test-network having 35 nodes 

Load in final nodes Branch type S 
or T 

From 
node i 

End to node j 
RS or RT 

[Ω] 
XS or XT 

[Ω] 
GT 
[S] 

BT 
[S] PL [kW] QL [kVAr] 

S 1 2 1.2456 1.9875 - - - - 

T 2 3 0.0442 0.0640 0.0038 0.0213 45 60 

S 2 4 2.3478 2.5678 - - - - 

T 4 5 0.0129 0.0384 0.0069 0.0453 124 108 

S 4 6 1.9860 2.2451 - - - - 

T 6 7 0.0129 0.0384 0.0069 0.0453 107 75 

S 6 8 2.3457 2.7893 - - - - 

S 6 10 3.4568 3.8975 - - - - 

S 6 12 2.4982 3.0126 - - - - 

T 8 9 0.0442 0.0640 0.0038 0.0213 40 47 

T 10 11 0.0129 0.0384 0.0069 0.0453 100 82 

T 12 13 0.0069 0.0240 0.0092 0.0663 200 100 

S 12 14 4.5691 4.9875 - - - - 

T 14 15 0.0129 0.0384 0.0069 0.0453 126 75 

S 14 16 3.8919 4.2367 - - - - 

T 16 17 0.0129 0.0384 0.0069 0.0453 114 69 

S 16 18 1.7502 2.2145 - - - - 

S 16 20 4.5679 5.7892 - - - - 

T 18 19 0.0129 0.0384 0.0069 0.0453 115 70 

T 20 21 0.0442 0.0640 0.0038 0.0213 30 30 

S 20 22 3.5607 4.0192 - - - - 

T 22 23 0.0069 0.0240 0.0092 0.0663 210 80 

S 2 24 2.7894 3.0378 - - - - 

T 24 25 0.0129 0.0384 0.0069 0.0453 80 110 

S 24 26 3.5671 4.3579 - - - - 

S 24 28 2.8961 3.7892 - - - - 

T 26 27 0.0129 0.0384 0.0069 0.0453 90 90 

T 28 29 0.0129 0.0384 0.0069 0.0453 95 75 

S 28 30 5.6781 6.2355 - - - - 

T 30 31 0.0129 0.0384 0.0069 0.0453 105 93 

S 30 32 4.2579 4.9761 - - - - 

S 30 34 3.8921 4.9764 - - - - 

T 32 33 0.0129 0.0384 0.0069 0.0453 75 90 

T 34 35 0.0129 0.0384 0.0069 0.0453 90 90 

 

 

 

 

 

 

 

 

20kV / 0.4kV test network (Figure 2), which 
consists of 35 nodes, reflecting the typical 
structure of radial distribution networks. We 
considered there are only low voltages 
consumers (0.4kV) connected to 17 nodes of 
the network (nodes which are indicated using  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

odd numbers). Capacitor banks having 
capacities Qci will be set on the low voltage 
bars, resulting in 17 variables corresponding 
to the 17 low voltage bars. The network is 
supplied from node 1, where the voltage 
remains constant and equal to 20 kV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Test distribution network having 35 nodes 
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The parameters of electric power lines and 
transformers are presented in Table 1, and also 
the power consumption of network nodes. 
Total active and reactive power is P=1746 
kW, Q=1344 kVAr respectively. The values of 
the constants used in calculations are the 
following: Cp=890 EUR/kW year, Cq=18 

EUR/kVAr year, max 10%admU  the limits of 

the voltages for all the nodes of the network 
are Ui

min=0.9 and Ui
max=1.1, the limits of the 

condensers capacity are Qi
min=0 and Qi

max=QLi 
in case of the low voltage nodes. For the initial 
solution, without capacitor banks 
(uncompensated, Qc0

1x17=[0,0,...0]) the power 
losses are equal to P=PS+PT=96.037 kW, 
and the objective function value is 
F[Qc0]=85472.93 EUR/year. 

ACO algorithm parameters were set to 
values: =1, =2, 0=1, =0.05, Q=10, 
Qc0=10, m=80 and Nmax=10. The value of the 
coefficient  was determined by running the 
program one hundred times for values within 
the interval [0, 10], computing an average 
value of F. The variation of F average value 
is presented in Figure 3 and it can be noticed 
that the coefficient  optimum is ranging 
within [2, 3] interval. For our study the 
coefficient value was set to  =2.5. 

Parameter
71600

71750

71900

72050

0 2 4 6 8 10



F 
[E

U
R

]

 Figure 3. Function F variation according to for 
coefficient  values 

To check the algorithm performance, it was 
run one hundred times, retaining the best and 
the worst value of function F (Best F and 
Worst F), the average value (Average F), the 
standard deviation (SD F) of function F, and 
the computation time (CPU). 

 

 

 

 

 

The characteristics of the convergence process 
for ACO algorithm are presented in Figure 4, 
representing the function F variation according 
to the number of iterations. 

Next, the effect of the reactive power 
compensation in the network for the best 
solution obtained (Best F) is presented, and 
the total power losses (Popt=63.773 kW) are 
calculated, as well as the value of objective 
function F[Qcopt]=71697.858 EUR/year and 
the variation of voltage (expressed in 
proportional units - pu) in the network nodes 

67000

71000

75000

79000

83000

0 20 40 60 80

Iterations no.
F 

[E
U

R
] 

Figure 4. Convergent characteristics of ACO 
distribution network having 35 nodes 

 (Figure.5). The vector of the solution 
obtained for the low voltage nodes has the 
following values: [Qcopt]=[40, 50, 30, 30, 50, 
50, 60, 60, 60, 30, 70, 50, 40, 30, 60, 60, 60] 
in kVAr. Function F values decrease with 
13775.07 EUR/year (representing 16.12%) 
and the power losses decrease with 
32.264kW (representing 33.59%) (Table 3). 

In Table 4 there are presented the voltage 
values before and after placing the capacitor 
banks in the network. Following the data from 
Table 4 and Figure 5 it can be noticed that 
initially, in the uncompensated network, the 
voltage values are lower than those in the 
compensated (with capacitor banks) variant. 
Hence, in the final nodes (19, 21, 23 nodes) 
the voltage value approaches the minimum 
limit, while in the compensated variant 
(obtained with ACO algorithm) all voltages 
have improved values, the highest jumps being 
recorded in nodes 15, 17, 19, 21 and 23.  

 

 

 

 

 

Table 2.  Objective function values obtained using ACO 

Best F 
[EUR/year] 

Worst F 
[EUR/year] 

Average F 
[EUR/year] 

SD F 
[EUR/year] 

CPU [sec.] 

71697.858 71702.305 71698.499 0.891 10 
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Table 3. Power losses and function F values before and after the capacitor banks placement 

Solution P 
[kW] 

Power Losses 
reduction [%] 

F 
[EUR/year] 

F reduction 
[%] 

Minimum 
voltage [pu] 

CPU 
[sec] 

Initial solution [Qc0] 
(without capacitor 

banks) 
96.037 - 85472.93 - 0.90356 - 

Solution obtained 
using ACO algorithm 

[Qcopt] (with 
capacitor banks) 

63.773 33.59 71697.858 16.12 0.93841 10 

Table 4. Relative values of the 35 nodes voltage before and after the capacitor banks placement 

Nodes 
Solution 

1 2 3 4 5 6 7 8 9 10 11 12 

Initial solution 
U[pu] 1 

0.98
68 

0.948
4 

0.9
741 

0.9
354 

0.9
645 

0.9
358 

0.9
639 

0.9
318 

0.9
627 

0.9
328 

0.955
4 

ACO solution 
U[pu] 1 

0.99
13 

0.970
1 

0.9
821 

0.9
568 

0.9
753 

0.9
547 

0.9
749 

0.9
562 

0.9
741 

0.9
574 

0.969
1 

Qcopt  [kVAr] 0 0 40 0 50 0 30 0 30 0 50 0 
Nodes 

Solution 
13 14 15 16 17 18 19 20 21 22 23 24 

Initial solution 
U[pu] 

0.92
96 

0.94
33 

0.912
1 

0.9
353 

0.9
066 

0.9
343 

0.9
052 

0.9
304 

0.9
080 

0.9
274 

0.9
036 

0.978
3 

ACO solution 
U[pu] 

0.95
17 

0.96
10 

0.945
9 

0.9
556 

0.9
432 

0.9
550 

0.9
422 

0.9
524 

0.9
435 

0.9
502 

0.9
384 

0.985
4 

Qcopt  [kVAr] 50 0 60 0 60 0 60 0 30 0 70 0 
Nodes 

Solution 
25 26 27 28 29 30 31 32 33 34 35  

Initial solution 
U[pu] 

0.94
35 

0.97
65 

0.945
8 

0.9
720 

0.9
446 

0.9
633 

0.9
300 

0.9
612 

0.9
315 

0.9
611 

0.9
300 

 

ACO solution 
U[pu] 

0.96
36 

0.98
40 

0.963
8 

0.9
812 

0.9
618 

0.9
756 

0.9
583 

0.9
744 

0.9
605 

0.9
743 

0.9
590 

 

Qcopt  [kVAr] 50 0 40 0 30 0 60 0 60 0 60  
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Figure 5. Voltage variation (expressed in proportional units) in the network nodes 
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5. Conclusions and Future Works 

Metaheuristic techniques allow for high 
quality solutions in case of problems in real, 
complex and large electrical distribution 
networks. An algorithm based on ACO 
metaheuristic was presented and tested for 
optimal allocation of capacitor banks in a 
typical PDN having 35 nodes. The algorithm 
is relatively easy to implement and runs 
quickly. The results indicate a significant 
reduction of active power losses in the 
network and therefore of the costs, and also an 
improvement of the voltage level. The very 
close values of the best and the worst solution 
(Best F and Worst F) for the objective function 
obtained for one hundred runs indicate the 
efficiency of the presented algorithm and the 
high quality of the solutions. 

In the future, the authors will continue their 
work by developing algorithms based on 
ACO for multi-objective optimization of 
capacitor banks allocation in PDN, 
considering the issues of continuity in 
consumers supplying. 
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