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Hybrid Fuzzy Particle Swarm
Optimization Approach for Reactive
Power Optimization

This paper presents a new approach to the optimal reactive power planning based on fuzzy logic
and particle swarm optimization (PSO). The objectives are to minimize real power loss and to
improve the voltage profile of a given interconnected power system. Transmission loss is expressed
in terms of voltage increments by relating the control variables i.e. reactive var generations by the
generators, tap positions of transformers and reactive power injections by the shunt capacitors.
The objective function and the constraints are modeled by fuzzy sets. A term ‘sensitivity’ at each
bus is defined which depends on variation of real power loss with respect to the voltage at that
bus. Based on the Fuzzy membership values of the sensitivity, corrective action at a particular bus
is taken i.e. shunt capacitors are installed at the candidate buses based on real power loss and
sets of solution. Then, PSO is applied to get final solution. PSO is used for optimal setting of
transformer tap positions and reactive generations of generators. The solutions obtained by this
method is compared with the solutions obtained by other evolutionary algorithms like genetic
algorithm (GA), differential evolution (DE) and particle swarm optimization (PSO).
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1. INTRODUCTION
Reactive power control has become an important aspect for many reasons. First, the need
for most efficient operation of power systems has increased with the price of fuel. For a
given distribution of power, the losses in the system can be reduced by minimizing the flow
of reactive power. Second, the extension of the transmission network has been curtailed in
general by high interest rates, and in particular cases by right-of-way. In many cases power
transmitted through older circuit has been increased, requiring the application of reactive
power control measures to restore stability margins. Third, voltage is considered as one of
the most important parameters of the quality of power supply. Its deviation from the normal
value may be harmful and expensive. A large amount of research has appeared dealing with
reactive power/voltage control in power systems.
In this paper, the main concerns are proper planning and co-ordination of control
variables which are either transformer tap changers, shunt capacitors, generators reactive
vars in an interconnected power system such that real power loss becomes minimum. The
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problem of reactive power planning in a power system can be shown to be a combinatorial
optimization problem though a number of methods have been proposed to solve the problem
using the classical optimization techniques [1-6]. Heuristics and approximate reasoning
were tried to solve reactive power problem [7-8]. These methods however, require
approximation to be applied to make the problem compatible to the classical optimization
techniques. Fuzzy logic, as in many other field of the power system, has found its
application in the reactive power problem [10-13]. Rahaman et al. [10] have proposed a
Fuzzy based method to identify the location for placement of capacitors in a power system.
Later on in [11] they have incorporated fuzzy logic to represent the variation of reactive
power load while solving the reactive power optimization problem. Their methods however
do not guarantee the optimality of the solution. Moreover, they did not consider the cost
aspect of the problem. Only the sensitivity to voltage has been used for solving the problem.
Thereafter use of SA [13-14] and GA [15-21] are found in the literature for solving reactive
power problem. In recent times, evolutionary algorithms [22-37] have become very popular
as optimization techniques. Differential evolution (DE) [28-29], Particle swarm
optimization (PSO) [34-37] methods both under the category of Evolutionary Algorithms
have been implemented individually as optimization techniques.
In the present paper, the authors propose a very new approach for the solution of the
reactive power problem based on fuzzy reasoning approach and PSO. Fuzzy membership of
loss sensitivity at each bus is defined and depending upon these membership values, shunt
capacitors are installed at candidate buses. PSO is then applied for optimal setting of
transformer tap positions and reactive vars generated by the generators. The optimality of
the proposed approach has been tested by comparing the results obtained by other
evolutionary algorithms.

2. PROBLEM FORMULATION
The objective of the reactive power problem is to minimize the transmission losses
utilizing the available var sources in the system. Mathematically, the problem may be
expressed as minimizing the power loss
L

PLOSS = ∑ g kj (Vi2 + V j2 − 2Vi V j cosθ ij )

(1)

k =1

subject to the nodal active and reactive power balance

Pg i − Pd i − Vi ∑ Vj (G ijcosθ ij + Bijcosθ ij ) = 0

(2)

Qg i − Qd i − Vi ∑ V j (G ij sinθ ij − B ij sinθ ij ) = 0

(3)

j

j

voltage magnitude constraints

Vimin ≤ Vi ≤ Vimax

(4)

on load tap change (OLTC) constraints

t min
≤ t k ≤ t kmax
k
and the existing nodal reactive capacity constraints

(5)

Qg imin ≤ Qgi ≤ Qgimax

(6)

The planning problem solves an enlarged set of equations including the investment costs of
the components. The objective function to be minimized is
N

L

l =1

k =1

CP = ∑ (Q nl C n + C ol ) + Ce ∑ g ij (Vi2 + Vj2 − 2Vi Vjcosθ ij )

(7)

The constraint set consists of those mentioned in (2)-(6) and the additional constraint due to
the new var sources

Qn imin ≤ Qni ≤ Qnimax

(8)

In these equations
CP = Total Planning cost in $
Ce = Cost due to transmission loss in $
Cn = Cost of new reactive power sources i.e due to capacitors.
Co1 = Cost of existing capacitors.
Qni = Reactive power generation from ith capacitor.
L = total number of lines in the system.
ij = end buses of line k.
gij = conductance of branch i-j.
θ ij = phase angle difference between buses i and j.
Gij = real part of the mutual admittance between bus i and j.
Bij = imaginary part of the mutual admittance between bus i and j.
tk = tap setting of the kth transformer.
Pgi = active power generation at bus i.
Pdi = active power demand at bus i.
Qgi = reactive Power generation at bus i.
superscripts min, max= minimum and maximum limits of the variables.
2.1 Fuzzy Approach in the Present Problem
Since the transmission loss is a function of the node voltages, the incremental
transmission loss may be written as

⎡ ∂P
ΔPL = ⎢ L
⎣ ∂V1

∂PL
∂P ⎤
........ L ⎥
∂V2
∂Vn ⎦

[ ΔV1

ΔV2 .......ΔVn ]

T

(9)

Again it is observed that transmission loss has inverse relationship with bus voltage
profile. In the proposed method a term sensitivity is defined at each bus of the system, such
that Si = Mi ΔVi, i=1,2,……..n, where n is the total bus number, Si is the sensitivity at the
∂Ploss
∂vi
. Minimization of loss will take place when Si is as negative as
ith bus and Mi=
possible which indicates that if Mi is negative and ΔVi will attain its maximum positive
value. Hence it implies that more the value of S at a bus more will be the voltage deviation
at that bus. A fuzzy based reasoning approach is developed at this stage to vary the settings

of the control variables depending upon the relative magnitudes of the sensitivities
discussed above. A degree of membership is assigned to each value of sensitivity calculated
for each bus. The membership values of each sensitivity is expressed as follows

if Si = D i , μ(Si ) = 1;
or if D i 〈Si 〈 0, μ(Si ) =

Si
;
Di

or if Si ≥ 0, μ(Si ) = 0

(10)

Now, fuzzy logic is used to determine membership values of these sensitivities and
corrective action is taken according to the sensitivity observed at a particular bus. Here Di
is the maximum negative value of Si . Furthermore, Fuzzy modeling discrimination
between different values of variables by assigning higher membership values to the desired
solution and lower values to less desirable ones. Hence we are able to control the solution
by relating it closely to the desired values of variables.

µ(Si)
1

0

Di

Si

Figure. 1: Fuzzy membership function for the objectives

2.2 Application of PSO in the present problem
The formulae on which PSO works is given as

υik +1 = ω iυik + C1 rand × ( Pbest − Sik ) + C2 rand × ( g best − Sik )
i

(10)

where

υik =

current velocity of agent i at iteration k,

ω = ω max −

ω max − ω min
itermax

× iter
(11)

Eq. 11 is the modified velocity of the ith agent
rand =is the random number between 0 and 1,
Sik = current position of agent i at iteration k,

Ci = weight coefficient for each term,
Pbesti

= Pbest of agent i,

gbest = gbest of the group,

ω i = weight function for velocity of agent i.
where ω is updated by eq. 11 at each iteration

ω

ω

iter

max = 500 and iter = current iteration, C1 and C2 are
Here max =0.9, min = 0.4,
set to 2.0. PSO is used immediately after the correction due to sensitivity and the combined
technique is allowed to run for the specified number of iterations. Initially strings are
generated randomly and each string may be a potential solution. In PSO, each potential
solution, called particles is assigned a velocity. The particles of the population always
adjust their velocity depending upon their position with respect to the position of the pbest
(the particle having the best fitness in the current generation) and the gbest (the particle
having the best fitness up to the present generation). While adjusting their velocities and
positions, particles adjust their fitness value as well. The particle having the best fitness
among all is selected as the pbest for the current generation, and if this pbest has better
fitness than the gbest, it takes the position of the gbest as well. In PSO, therefore, the gbest
particle always improves its position and finds the optimum solution and the rest of the
populations follow it. The string length depends upon test system and in the proposed
technique; string length is reduced because of the exclusion of shunt var sources from the
control variables as compared to other optimization techniques discussed later. Initially
strings are generated randomly.

3. OTHER EVOLUTIONARY ALGORITHMS
3.1 Simple Genetic Algorithm (SGA)
In this method Genetic Algorithm works entirely for the reactive power-planning
problem and string length as shown in Fig. 2 is larger because it includes shunt capacitors
besides transformer tap positions, generator’s reactive vars. Initially strings are generated
randomly. The string numbers are equal to the population size.. The cross over between two
strings take place in such a manner that the particular type of elements (say transformer tap
changers or shunt capacitors) of one string crossover with the same type of elements of
other string. New sets of strings are produced. Then mutation operation takes place. After
completion of all genetic operations, first generation is completed and the second

generation is about to start. In this way genetic algorithm is continued in order to reduce the
cost of operation in each generation until the optimum solution is obtained.
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Figure. 2: String of reactive power generations of the generators, transformer tap positions and shunt
capacitors

3.2 Differential Evolution (DE) Method
The performance of a DE algorithm depends on three variables – the population size,
mutation scaling factor and the cross over rate. DE starts by generating a population of Np
real valued n-dimensional vectors whose initial parameter values being chosen at random
from within bounds set by the user. In this problem number of strings (vectors) equal to the
population size is generated. This population then undergoes evolution in the form of a
natural selection. In every generation, each vector in the population becomes a target
vector. Each target vector crossovers with a donor vector, which is generated by mutating a
randomly selected population vector with the difference between two randomly selected
population vectors, in order to produce a trial vector. If the cost of the trial vector is less
then that of the target, the target is replaced by the trial vector in the next generation.

3.3 Simple Particle Swarm Optimization (PSO) Technique
PSO algorithm works entirely for the solution of the above mentioned reactive power
problem. The string length is larger than that of the hybrid fuzzy PSO technique and is
same as that in case of GA and DE approach.

4. TEST RESULTS
The hybrid fuzzy PSO approach optimization technique and other above discussed such
as GA PSO and DE optimization techniques are applied to the IEEE 14, IEEE 30 and IEEE
57 bus system. GA, DE, PSO each techniques are used for 500 iterations for controlling of
tap positions, reactive generations, shunt capacitor placements and string length is
obviously higher than that of fuzzy-PSO approach since fuzzy membership is used for
shunt capacitor placement and the PSO technique is used for handling the string containing
only transformer tap position and reactive generation of the generators. But PSO still runs
for 500 Generations in the hybrid (Fuzzy PSO) approach. As the result of all the
Evolutionary algorithms (GA,DE,PSO) vary with the number of populations, here in each
case populations are varied from 6 to 20 and the corresponding results are shown in Table
2. Fig. 3 to 5 show the convergence characteristics for planning for IEEE 14, 30 & 57 Bus
system with PSO, GA and DE techniques. Fig. 6 to Fig. 8 show the convergence
characteristics for planning for IEEE 14, IEEE 30 & IEEE 57 Bus respectively with fuzzy
PSO, GA and DE methods. In Fig 9 the convergence characteristics for each technique are
not easily defined. That is why the convergence characteristics for the same techniques are
shown for lesser number of iterations (Generations). Table 1 shows the optimum cost of

planning with different techniques; Table 2 shows the variation of cost of operation with
generation for different techniques. Various cost data taken from [13] are as follows:
energy cost = 0.06$/kwh, fixed installment cost = 1000$, and capacitor cost/kvar = 3$.

Figure. 3: Convergence characteristics for planning :GA, PSO, DE techniques
IEEE 14 Bus, ….. GA ,

PSO, -.-.-.-.- DE

Figure. 4: Convergence characteristics for planning : GA, PSO, DE techniques
IEEE 30 Bus, ….. GA,

PSO, -.-.-.-.-.DE

Figure. 5: Convergence characteristics for planning :GA, PSO, DE techniques

IEEE 57 Bus, ….. GA ,

PSO, -.-.-.-.- DE

Figure. 6: Convergence characteristics for planning: GA, Fuzzy-PSO, DE techniques:
IEEE 14 Bus, ….. GA,

Fuzzy-PSO, -.-.-.-.-.DE

Figure. 7: Convergence characteristics for planning: GA, Fuzzy-PSO, DE techniques

IEEE 30 Bus, ….. GA,

Fuzzy-PSO, -.-.-.-.-.DE

Figure. 8: Convergence characteristics for planning: GA, Fuzzy-PSO, DE techniques
IEEE 57 Bus, ….. GA,

Fuzzy-PSO, -.-.-.-.-.DE

Figure. 9: Convergence characteristics for planning: GA, Fuzzy-PSO, DE techniques
IEEE 57 Bus, ….. GA,

Fuzzy-PSO, -.-.-.-.-. DE with 500 Generation

Table 1: Optimum costs of the evolutionary algorithms planning

Algorithms

Planning
cost ($)
IEEE 14 Bus

IEEE 30 Bus

IEEE 57 Bus

GA

6.9493×106

3.5899 ×106

1.3086×107

DE

6.9470×106

3.5877×106

1.3070×107

PSO

6.9477×106

3.6029×106

1.3164×107

Fuzzy-PSO

6.9468×106

3.5861×106

1.3033×107

Table 2: Effect of the Variation of number of population: planning problem

Population
size

6

8

10

20

Test system
IEEE 14
Bus
IEEE 30
Bus
IEEE 57
Bus
IEEE 14
Bus
IEEE 30
Bus
IEEE 57
Bus
IEEE 14
Bus
IEEE 30
Bus
IEEE 57
Bus
IEEE 14
Bus
IEEE 30
Bus
IEEE 57
Bus

GA
cost ($)

DE
cost ($)

PSO
cost ($)

Fuzzy-PSO
cost ($)

6.9830×106

6.9879×106

7.0834×106

7.303×106

3.6621×106

3.6659×106

3.6029×106

3.5861×106

1.3331×107

1.3337×107

1.3164×107

1.3033×107

6.9657×106

6.9472×106

6.9560×106

6.9977×106

3.6335×106

3.5970×106

3.6147×106

3.6312×106

1.3262×107

1.3216×107

1.3428×107

1.3222×107

6.9510×106

6.9475×106

6.9681×106

6.9730×106

3.6314×106

3.5984×106

3.6113×106

3.5868×106

1.3120×107

1.3167×107

1.3524×107

1.3380×107

6.9493×106

6.9470×106

6.9477×106

6.9468×106

3.5899×106

3.5877×106

3.6432×106

3.5867×106

1.3086×107

1.3070×107

1.3691×107

1.3437×107

5. CONCLUSIONS
A new approach is presented in this paper for optimal reactive power planning of
interconnected power system. From Table 1, it is observed that the optimum cost is
minimum in with hybrid fuzzy PSO technique for IEEE 14, 30 & 57 Bus system. From Fig.
3 to 5 it is observed that a DE characteristic is best among GA, PSO and DE characteristics.
But as simple PSO is replaced by fuzzy PSO method, Fuzzy PSO out perform DE for all
the IEEE standard Bus system discussed here which is clearly viewed from Fig. 6 to 9. This
technique is termed as fuzzy based PSO as fuzzy memberships are used for capacitor
placements and the control of reactive generations, transformer tap positions are solely
handled by PSO technique. As GA and DE are known as global optimization techniques
and they yield result with the increased number of iterations. DE gives better result than
GA when compared with specified number of generations which is also proved here. PSO
has never been able to catch up DE. It follows closely DE in small system (as in IEEE 14
Bus, here), even better than GA (only for IEEE 14 Bus, here). But as the size of the system
increases it gives sub optimal result. Among DE, GA and PSO, DE is found best followed
by GA, then PSO in general. But when fuzzy decision making approach is incorporated
with PSO, it gives excellent result in all cases as shown and becomes the best optimization
method compared to simple DE, GA and PSO techniques. So after comparison of the
results obtained by this hybrid fuzzy PSO technique with that obtained by other

optimization techniques, it is clearly observed that this Fuzzy based PSO optimization
method is far more superior and can be a new tool for reactive power planning.
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