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a  b  s  t  r  a  c  t

The  optimization  of  passive  filters  in  distribution  systems  has  been  addressed  through  different
approaches.  In general,  these  approaches  can  be  classified  as single-objective  and  multi-objective  formu-
lations.  The  single-objective  formulations  normally  try  to determine  the  least  costly  filters  that  ensure
compliance  with  the relevant  power  quality  standards.  In multi-objective  approaches,  other  goals  are
added.  In general,  most  studies  consider  the  reactive  power  of filters  at a fundamental  frequency  to
be  equal  to a previously  determined  magnitude,  and  the  optimization  is  devoted  to  calculate  the other
parameters  of  the  filters  that  are  required  to  minimize  the distortion  indices  of  the  network.  In  the
present  approach,  the  capacitor  placement  and  passive  filter  placement  problems  are  considered  as  a
unified problem  in  which  a set  of passive  compensators  (capacitors  and/or  tuned  filters)  that  allow  to
obtain  the  maximum  annual  saving  in cost  and maximum  improvement  of  the power  quality  of  the circuit
are determined.  In this  study,  the  annual  saving  is  calculated  as the  equivalent  present  value  of  the  com-
pensation  project  to  simultaneously  account  for the  benefits  of  the reactive  power  compensation  and  the
cost  of  investment  in  the  compensators.  Although  many  studies  have  solved  the multi-objective  problem
by  minimizing  a single  function  comprising  several  subobjectives,  this  study employs  the  nondominated
sorting  genetic  algorithm  for the  optimization  of  several  objective  functions.  The  present  approach  is
tested  with  two  example  circuits  from  literature.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The optimization of passive filters in distribution systems has
been addressed through different approaches. In general, these can
be classified as single-objective [1–15] and multi-objective [16–31]
formulations.

The single-objective formulations normally try to determine
the least costly filters that ensure compliance with the relevant
power quality standards. In multi-objective approaches, other
goals are added to achieve the following: the minimum total
distortion of current [16,21,22,24,25,27,28,31], minimum total
distortion of demand [18,21,22], minimum total distortion of
voltage [18,21,22,27,28,31], minimum investment cost of filters
[21,22,24,26–28], minimum cost losses [18,26], etc.
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The reduction of the harmonic distortion indices of the supply
current is a measure of the efficiency of the filters with respect to
their capacity to absorb the harmonic distortion of the loads. In
the case of the distribution system of an industrial-type customer,
both the supply current distortion and voltage distortion at the
point of common coupling must be confined to the recommended
maximum limits.

However, a medium voltage primary distribution circuit sup-
plies a large number of industrial, commercial, and residential
customers that are sources of distorted currents to the circuit. All
the nodes to which the customers are connected are points of com-
mon  coupling between the primary distribution circuits and their
customers. These customers are responsible for the injection of
distorted currents in the medium voltage distribution circuit. The
medium voltage distribution circuit is compliant with the stan-
dards for quality of voltage in all the nodes to offer a quality service
to the clients. The reduction of the harmonic distortion indices of
the voltages is a natural objective function in the optimization of
the placement of harmonic passive filters in these circuits.

http://dx.doi.org/10.1016/j.epsr.2016.10.026
0378-7796/© 2016 Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.epsr.2016.10.026
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2016.10.026&domain=pdf
mailto:jandecycabral@hotmail.com
mailto:iperez@uclv.edu.cu
mailto:ignacioperezabril@gmail.com
mailto:manoelazevedo@yahoo.com.br
dx.doi.org/10.1016/j.epsr.2016.10.026


J. Cabral Leite et al. / Electric Power Systems Research 143 (2017) 482–489 483

In general, most studies consider the reactive power of filters at
a fundamental frequency to be equal to a previously determined
magnitude, and the optimization is devoted to calculate the other
parameters of the filters that are required to minimize the distor-
tion indices of the network.

In the present approach, the capacitor placement and passive
filter placement problems are considered as a unified problem in
which a set of passive compensators (capacitors and/or tuned fil-
ters) that allow to obtain the maximum annual saving in cost and
maximum improvement of the power quality of the circuit are
determined.

In this study, the annual saving is calculated as the equiva-
lent present value of the compensation project to simultaneously
account for the benefits of the reactive power compensation and the
cost of investment in the compensators. The power quality indices
considered are voltage magnitude and harmonic distortion indices
of voltage as defined by the IEEE Std. 519 [32].

Although many studies have solved the multi-objective problem
by minimizing a single function comprising several subobjectives,
this study employs the nondominated sorting genetic algorithm
(NSGA-II) for the optimization of several objective functions. The
present approach is tested with two example circuits from litera-
ture.

2. Problem formulation

The present study addresses the capacitor and/or passive fil-
ter placement problem in distribution circuits contaminated by
harmonic distortion. This multi-objective optimization problem is
resolved by selecting and placing the required compensators to
obtain (1) the maximum annual saving (Saving) of the compensa-
tion project, (2) minimum deviation of voltage (�V), (3) minimum
total harmonic distortion (THD) of voltage, or (4) the minimum
individual harmonic distortion (IHD) of voltage. The solutions com-
ply with the constraints of power quality and overstress of the
capacitors

2.1. Independent variables

The independent variables of the problem, represented by the
array x, are as follows: the number of compensators (n) and their
placements (u1 . . . un), their control in time (c1 . . . cn), the sizes of
their capacitors (Qc1 . . . Qcn), the tune frequencies (f1 . . . fn), and
the quality factors (Q1 . . . Qn) of the filter-type compensators.

The possible placements are the nodes of the circuit. The con-
trol in time defines if the compensator is of fixed type (ci = 1) or
switched type (the compensator is connected in all the load states
with index ≤ ci). The sizes are multiples of the desired capacitor
units.

The tune frequencies are selected from an array (freq) of possi-
ble tune frequencies for the harmonic passive filters. The variable
fi can take the value zero, which implies that the compensator is
a capacitor bank, or the compensator is a harmonic filter tuned to
the frequency freq(fi). The tuned harmonic filters are not accurately
tuned to the frequency of the harmonic h to be eliminated; instead,
these filters are tuned to a lower frequency of about 0.95 h. This
practice enables to avoid the possible filter resonance with sys-
tem impedance when there are variations in the filter parameters.
Finally, the quality factors of filters are bound by Qi (10 ≤ Qi ≤ 100).

2.2. Objective functions

Instead of presenting a closed formulation of the optimiza-
tion problem, in this approach, we define four different objective

functions that can be freely selected by the user to address the
optimization problem.

2.2.1. Annual saving of the compensation project
Considering a period of evaluation of Y years with a reason

of interest i, the annual saving obtained with the compensation
project is calculated as follows:

Saving(x) = −I(x)/
Y∑

k=1

(1 + i)−k + C(0) − C(x) (1)

where I(x) is the cost of investment in the compensators, which is
given by

I(x) =
n∑

i=1

(kc · Qci + kL · QLi + kR · PRi) (2)

where kc($/kvar), kL($/kvar), and kR($/kW) are the cost coefficients
of the capacitors, inductors, and resistors of the compensators,
respectively.

C(0) represents the cost of the losses of the circuit in the base
case (uncompensated), and C(x) is the cost obtained after the instal-
lation in the network of the compensators, which is represented by
x.

C(x) = cpeak · �Ppeak(x) +
L∑

k=1

cek�Pk(x) · �tk (3)

where cpeak($/kW) and cek($/kWh) are the corresponding cost coef-
ficients for the peak power losses and the energy losses at the load
level k.

To maximize the Saving(x), the optimization requires the mini-
mization of −Saving(x).

2.2.2. Maximum voltage deviation
The maximum deviation of voltage is defined as the difference

between the maximum and minimum voltage for the set U of all
the system nodes and the set L of all the load levels.

max  �V(x) = max k ∈ L

i ∈ U

{
Vk,i(x)

}
− min k ∈ L

i ∈ U

{
Vk,i(x)

}
(4)

By reducing the maximum deviation of voltage, the optimization
process improves the voltage conditions in all system nodes and at
all the load levels.

2.2.3. Maximum distortion indices of voltage
Although there are potential problems with the use of capacitors

in circuits contaminated by harmonic distortion, a compensation
solution based on the use of capacitors that do not increase the
indicators of distortion or even reduce them can be formulated.
Moreover, the passive harmonic filters are specifically designed to
reduce the voltage and current distortion indices.

Considering the set U of the system nodes, set L of all load states,
and set H of all harmonics present in the circuit, the maximum
voltage distortion indices THD and IHD are defined as

max  THD(x) = max k ∈ L

i ∈ U

⎧⎨
⎩THDk,i =

√∑
h ∈ H

Vk,i,h
2/Vk,i,1

⎫⎬
⎭ (5)

max  IHD(x) = max k ∈ L

i ∈ U

h ∈ H

{
IHDk,i,h = Vk,i,h/Vk,i,1

}
(6)
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