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This paper presents the optimal placement and sizing (OPAS) of active power filter (APF) considering pho-
tovoltaic distributed generation (PVDG) and nonlinear load to control the harmonics as per IEEE-519
standard limits. For the varying nature of PVDG output, the injection of harmonics into the distribution
system is thoroughly investigated by incorporating hourly solar irradiance data. In this paper, a novel
extended nonlinear load position based APF current injection (ENLPCI) technique is proposed to find
the number of APFs and optimal buses for placement of APFs. The optimal placement for APF is calculated
here for three distinct cases: a) only one state for minimum number of APFs, b) more than one state with
different total harmonic distortion in voltage (THDv) with the same number of APFs and c) more than one
state with the same THDv with the same number of APFs. The size and cost of APF are calculated and
compared using grey wolf optimization (GWO) and its adaptive version (AGWO) algorithms for each
hour. Further, the ENLPCI is also validated by GWO and AGWO algorithms for the optimal results. The
proposed algorithm is tested on the IEEE-69 bus test system. The results show that the variation of solar
irradiance remarkably affects the OPAS of APF. The AGWO performed better compared to GWO to find the
optimal cost of APF.
� 2021 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Distribution generation (DG) is one of the main components of a
smart grid. This concept is the backbone of the modern power sys-
tem. It has gained the wide publicity due to its advantages like;
enhancement of voltage profile, improvement in security and reli-
ability, increase in energy efficiency by reducing power loss [1,2]. It
is categorized into two parts (i) sources which comprise of fossil
fuel and (ii) renewable energy sources (RES). Fuel cells, IC engines,
and turbines are included in the first type of DG. Photovoltaic and
wind power generators are the prime RES [3,4].

The integration of RES based DGs in the radial distribution sys-
tem (RDS) is a crucial task. To get the qualitative benefits, the
appropriate integration is required [5–7]. It has disadvantages like;
intermittent availability, available only in the day, etc. Improper
integration of DG results in power quality problems. The prime
source of harmonics is a converter [8] and a converter based DG
injects harmonics into the RDS, it is considered as a nonlinear DG
(NLDG) [8–10]. It increases the individual harmonics distortion in
voltage (IHDv) as well as the total harmonic distortion in voltage
(THDv) in RDS.

As per the IEEE standard 519, THDv and IHDv should be less
than 5% and 3%, respectively [11]. To achieve this standard, the
control of harmonics is essential. Passive and active harmonic fil-
ters can be employed to reduce the harmonics. Though passive fil-
ters are cost- effective and simple in construction/operation, they
have a problem of resonance with the impedance of RDS and it
has fixed compensation. Moreover, if the harmonic spectrum con-
tains a wide range of harmonics, passive filters become bulky [12].
To overcome these disadvantages, active power filters (APF) are
used [13]. To mitigate the harmonics in RDS, the simple solution
is to place APFs at all nonlinear load buses with their current rating
equal to that of the corresponding nonlinear load. But it is highly
expensive and therefore, an optimization technique is required
[14] for the placement, sizing, and cost of APF.

In the existing literature, genetic algorithm, particle swarm
optimization, and its variants, firefly algorithm, harmony search
algorithm, trade-off risk analysis method, and grey wolf optimizer
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(GWO) algorithms have been implemented to solve optimal place-
ment and sizing (OPAS) of APF [14–23].

In the above-cited studies, the researchers have not considered
the variable harmonic level during the day as expected. The nonlin-
ear load in the RDS is variable in nature hence the harmonics also
vary with time, which is more effective when NLDG is used. The
output power of NLDG is varying with solar irradiance, which grad-
ually increases till the noon and then gradually decreases from the
noon to the evening. Therefore, the output power, as well as the
harmonics, are more at noon compared to morning and evening
hours.

In [24], the results showed the significance of time-varying load
in analyzing the PV penetration in RDS. It has been noted that the
power quality indicators are severely affected by new load patterns
in [25] ignoring the time-varying load which may result in a
nonoptimal solution. According to the noteworthy effect of vari-
able harmonics injection into the RDS by NLDG and nonlinear load,
this variation must be included in the analysis. In this situation, to
decide the number of APF, its placement, size, and cost for each
hour is a tough task. To simulate the real problem, from hour 6
to hour 19 the hourly output of NLDG is taken, and the nonlinear
load is connected according to the output of NLDG.

The various indices have been used for optimal placement and
sizing for different devices. In [26], the most candidate buses for
installing capacitors have been suggested using power loss index
(PLI) for optimal sizing and location of capacitor. The optimal loca-
tions of flexible AC transmission systems (FACTS) devices have
been determined based on voltage sensitivity index (VSI) of the
system [27]. The line VSI and fast VSI have been obtained to reduce
search space for location of FACTS in [28]. Various security based
indices have been proposed for optimal reconfiguration [29].

In [30], VSI methods has been proposed for optimal location and
sizing of DG. The monetary value of VSI has been improved [31]
and the multi-objective function has been expressed to consolidate
the static VSI for allocation of DG units [32]. Active and reactive
PLIs have been proposed to find the best probable location of DG
in [33]. An analytical approach associated with PLI for sizing and
siting of DGs has been proposed in [34].

In [35], the multi objective performance index has been pre-
sented, and index vector method has been used for DG placement
[36]. A new composite index of reliability of supply in the indus-
trial systems with DG has been introduced in [37]. Reliability based
indices and load point index have been proposed for optimal place-
ment of DG [6].

However, less focus is given to find index for OPAS of APF. The
numbers of APFs, its placement, size, and cost have been found by
optimization algorithms in the existing literature. Therefore, the
optimization algorithm takes the entire burden of finding the
buses for placement as well as size of APF. For OPAS of APF consid-
ering NLDG, a nonlinear load position based APF current injection
(NLPCI) technique has been proposed in [23]. In this paper an
extension of NLPCI – ENLPCI is proposed. The placement and num-
ber of APFs are found using ENLPCI. This way, ENLPCI reduces the
burden of the optimization algorithm. The optimization algorithm
has to find the size only. It is very simple and accurate. The optimal
placement for APF is calculated here for three distinct cases: a)
only one state for minimum number of APFs, b) more than one
state with different total harmonic distortion in voltage (THDv)
with the same number of APFs and c) more than one state with
the same THDv with the same number of APFs. It is well explained
and formulated in Section 2.7.2.

GWO is recognized as one of the most modern bio-inspired
algorithms due to its simplicity and flexibility [38,39]. It has very
less parameters and exploration and exploitation property with
the right balance [40]. Many electrical engineering power system
problems have been effectively solved by GWO. In [41], a harmonic
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estimator has been designed using GWO. A new MPPT has been
designed using GWO in [42]. Optimal tuning of multi-machine
power system stabilizers has been done by utilizing GWO in [43].
The optimal allocation of the microgrid problem has been
addressed by GWO in [44]. Moreover, the variants of GWO [39]
have also gained more attention from researchers because of effi-
cient results. An intelligent GWO has been developed and applied
for bidding in energy market [45]. Improved leadership based
GWO has been used in [46] for optimal coordination of overcurrent
relays. Improved GWO has been utilized for optimal operation of a
hydropower plant in [47]. Quasi-oppositional GWO has been used
for load frequency control in [48]. In [49], novel hybrid GWO-SCA
has been proposed for optimization problems. A nonconvex eco-
nomic load dispatch problem has been solved by hybrid GWO in
[50]. A modified GWO has been utilized for AGC [51] and improved
energy production in wind plant [52]. A novel DE-GWO has been
utilized for damping for power system oscillations in [53]. The
adaptive differential search algorithm was used for optimal loca-
tion of DG in [33]. An adaptive gravitational search algorithm has
been utilized for optimal setting of FACTS devices in [27]. To
improve the performance of cuckoo search algorithm (CSA), an
adaptive technique has been used [54]. In [55], adaptive CSA
(ACSA) has been used for better performance of CSA. AGWO has
been implemented in [56] to detect partial discharge. As per No-
Free-Lunch’ theorem, there is always a scope for improvement in
optimization [57], which motivates authors to use the adaptive
version of GWO – AGWO in this paper.

The main contributions of this paper considering the OPAS of
APF with the integration of NLDG and nonlinear load are as under:

� During the day, the variability of NLDG is analyzed and incorpo-
rated in the OPAS of APF problem.

� A novel ENLPCI technique is developed to find the OPAS for APFs
while leaving only the size and cost of the APF to be determined
by the optimization algorithm.

� AGWO is used for the optimal sizing of APF. It improves the cost
of APF compared to GWO.

The next section of this paper represents the problem formula-
tion, including the execution of ENLPCI, AGWO for OPAS of APF.
Simulation results analysis are discussed next. Finally paper ends
with the conclusion.

2. Problem formulation

This section describes the mathematical formulation of RDS
with nonlinear loads, NLDGs and APFs. Each component of this sys-
tem is modeled, and harmonic load flow along with optimization is
described in detail. Fig. 1 shows the RDS with nonlinear loads,
NLDGs and APFs. The process is as follows:

2.1. RDS modeling

The branch impedance of RDS (Zb) is described as

Zb ¼ Rbþ jXb ð1Þ

Zb hð Þ ¼ Rbþ jXb hð Þ ð2Þ

Xb hð Þ ¼ xhLb ð3Þ

xh ¼ 2pf h ð4Þ
where, h denotes the order of harmonics, Rb and Lb represent resis-
tance and inductance of branch, respectively, xh and fh are angular
harmonic frequency and harmonic frequency, respectively.



Fig. 1. RDS with Nonlinear loads, NLDGs and APFs.
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2.2. Nonlinear load modeling

The representation of nonlinear load can be formulated by
keeping the source of harmonic current injection as the base, as
shown in [14,21]. The magnitude of rms nonlinear current can be
calculated as

I hð Þ
nl ¼ I hð Þ

nl;r þ jI hð Þ
nl;im ð5Þ

Inl ¼
XH
h¼2

I2 hð Þ
nl;r þ I2 hð Þ

nl;im

� �" #1=2

ð6Þ

Here, I hð Þ
nl;r is the real part of a nonlinear current, while I hð Þ

nl;im is the
imaginary part of nonlinear current, Inl indicates the rms value, the
highest order of harmonics is H.

2.3. DG modeling

The DG, a current source [1,58], supplies the harmonics in the
system. The fundamental current is estimated [1] by the power rat-
ing of the DG, and therefore, NLDG harmonic current is calculated
from the spectrum as below:

I hð Þ
hdg ¼ KdgIdg ð7Þ

Here, I hð Þ
hdg , Kdg and Idg are the harmonic current of NLDG, part of

the harmonic current, and the fundamental current of DG,
respectively.

2.4. APF modeling

APF is represented as a current source [14–17,20,21,59,60]. The
calculation of Iapf is done on the basis of net nonlinear current
(Inldg). Net nonlinear current is a vector addition of nonlinear cur-
rents of loads and NLDGs. When the phase angle is zero, the distor-
tion is worst as the net nonlinear current is a function of phase
angle. So it causes maximum distortion while harmonic currents
are in phase;

I hð Þ
nldg ¼ I hð Þ

hdg þ I hð Þ
nl ð8Þ

Iapf ¼ k Inldg
� � ð9Þ

Here, k is proportionate of net nonlinear current. It has the value
such that Iapf satisfies the constraints.

APF is represented as a set of current sources. It injects harmon-
ics order at a point of common coupling (PCC) as per the value of k.
The APF current is expressed as,

I hð Þ
apf ¼ I hð Þ

apf ;r þ jI hð Þ
apf ;im ð10Þ
913
Iapf ¼
XH
h¼2

I2 hð Þ
apf ;r þ I2 hð Þ

apf ;im

� �" #1=2

ð11Þ

Here, I hð Þ
apf ;r , I

hð Þ
apf ;im and Iapf the real part, imaginary part and the

rms value of current of APF respectively.

2.5. Modeling of solar power generation

The output power of solar panels is proportional to irradiance.
In [24,61], the mean value of hourly solar irradiance and data
regarding solar panels is given. From this data, the output power
of a solar power plant is calculated as under:

Ppv sið Þ ¼ gpv � Spv � si ð12Þ

where, Ppv is output power in kW for irradiancesi, gpv is efficiency
(%), Spv total area of PV in m2.

To generate the samples of the output power of a solar power
plant, normal probability density function is used [62,63]. The
mean value of solar irradiance and using (12), the 50,000 samples
are generated each hour of output power and to deal with this, is a
challenging task. To reduce computational time, the data should be
reduced. Here, k-means scenario reduction algorithm [64,65] is
utilized to reduce the number of samples from 50,000 to 100. It
is used to arrange the original scenarios of solar irradiation into
the clusters according to similarities. The reduced samples of out-
put of solar power are used to calculate the harmonic currents
injected by NLDG. These harmonic currents distort the voltage of
the system.

2.6. Harmonic load flow

In this paper, network topology based harmonic load flow is
used [66]. In which, two matrices are formed viz. a) bus injection
to branch current (BIBC) and b) branch current to the bus voltage
(BCBV). Then it is coupled with the optimization algorithm. THDv
is calculated at all the buses using harmonic load flow. It is essen-
tial for the identification of critical buses that violate the standard
limits. The THDV is given as

THDv ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPH
h¼2

IHDvð Þ2
s

V1
f

ð13Þ

Here, V1
f is a fundamental frequency voltage.

From the value of THDv at all buses, the vital buses where the
IEEE standard limits are not satisfied are found. It helps to decide
the policy to alleviate the harmonics, i.e., the placement and sizing
of APF.
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2.7. Optimization process

The OPAS of APF is a nonlinear constraint optimization problem.
This optimization process consists of an objective function, vari-
ables, and constraints. Here, the objective function has been for-
mulated with constraints. The minimization of cost of harmonic
filters is the main objective. The cost of APF is directly proportional
to its current rating. Therefore, it is essential to reduce the current
of APF such that all the constraints are fulfilled.

2.7.1. Objective function
The objective function is formulated on the basis of the total

cost of APF required for harmonic mitigation. Total APF current
(Iapf ;Nft) is calculated for Nft APFs as

Iapf ;Nft ¼
XNft
nft¼1

Iapf ð14Þ

The total cost of APF is separated into two parts: a) fixed cost
and b) incremental cost. The fixed cost is according to the number
of units of APFs, and it is assumed as U.S. $ 90,000/unit, and incre-
mental cost is based on the current compensated by APF, and it is
assumed as U.S. $ 7,20,000/unit current [16,67]. The incremental
cost of APF is given as,

CINC ¼ 7;20;000� Iapf ;Nft ð15Þ
The total cost is given as,

Costapf ¼ No: of APFS � 90; 000ð Þ þ CINC ð16Þ
The objective function is a function of current of APF, fixed, and

incremental cost of APF. It is illustrated as,

OFTC ¼ minCostapf þ DP ð17Þ
Such that THDv 6 5%; IHDv 6 3%; and Iapf 6 Iapf; max.
Where, DP is a dynamic penalty and Iapf ;max is the maximum

current of APF.
The THDv and IHDv are controlled by the IEEE standard 519,

and the maximum current of APF is limited by the total nonlinear
current. For the constraint handling dynamic penalty is used is
here. It gives the penalty according to the violation of the standard
limit. If constraints are fulfilled, the penalty becomes zero other-
wise it becomes high. It discards the infeasible solution from the
final solution. The ENLPCI, GWO, and AGWO found the location
for APF with its rating, such that the cost of APF is minimized.

2.7.2. ENLPCI formulation
In this section, ENLPCI is formulated. Extended NLPCI is pro-

posed here to find the optimal buses for placement of APF in
RDS. The proposed technique consists of three cases: a) only one
feasible state with a minimum number of APF, b) more than one
state with same number of APFs with different THDv, and c) more
than one state with same number of APF and same THDv. In [23],
the NLPCI technique has been introduced to decide the feasible
buses for the entire 33-bus RDS. This technique is extended here
and formulated as follows:

Create the nonlinear load position based APF placement matrix:

The total number of nonlinear load is denoted by NL and its
buses is denoted by BNL.

Then nonlinear loads are represented as,

1; :::; :::; :::; :::;NL ð18Þ
The nonlinear load buses are represented as,

1; :::; :::; :::; :::;BNL ð19Þ
914
The nonlinear load position based matrix is formed and possible
combinations of APFs placement are calculated. Each combination
comprises of a set of nonlinear load buses and it is denoted by state
St. Number of total state ST is determined from nonlinear load
buses as,

ST ¼ 2NL � 1 ð20Þ
The nonlinear load position based APF placement combination

matrix is formed as,

ST ¼ 2NL � 1

State j 1 2 � � � BNL � 1 BNL j Number of APF
St1 j 1 0 � � � 0 0 j 1
St2 j 0 1 � � � 0 0 j 1

..

. j ..
. ..

. � � � ..
. ..

. j ..
.

Stn j 1 0 � � � 0 1 j n

..

. j ..
. ..

. ..
. ..

. ..
. j ..

.

ST � 1 j 1 1 � � � 1 0 j Nft � 1
ST j 1 1 1 1 1 j Nft

ð21Þ
Here, ‘1’ represents the placement of APF and ‘00 represents no

APF.

Form the set of feasible states SF:

APF with an equal rating of the nonlinear load is connected at
possible combination i.e., each state. Then THDv is calculated at
all the buses using harmonic load flow for all the states. According
to their maximum THDv the states are denoted as,

St1THDVmax; :::::; ::::::; STTHDVmax ð22Þ
Separation of feasible and infeasible state is done by fulfilling

the standard limit of THDv as,

State St 2 SF; StTHDVmax 6 5%
Infeasible; StTHDVmax > 5%

� �
ð23Þ

Form the group according to the number of APFs:

All the states are arranged as per their number of filters. Here,
the total nonlinear load buses are NL. Therefore the maximum pos-
sible combination according to the number of APFs is decided by
NLCNft .

The group is formed as,

G1 SF1 � � � SFNLC1

	 

Group with one filterð Þ

G2 SF2 � � � SFNLC2

	 

Group with two filtersð Þ

..

. ..
. � � � ..

.
� �

GNft SFNft
	 


Group with maximum filtersð Þ

ð24Þ

The group with the maximum number of APFs has only one
state.

Find the group with minimum filters:

GNft;min SF1;Nft;min � � � SFNLCNft;min
	 
 ð25Þ

Sort the states of the above group according to their THDv:

GNft;min SF1;Nft;min;THDv ;min � � � SFNLCNft;min; THDv;max
	 
 ð26Þ
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Prepare a table of priority rank of nonlinear load buses:

Find the THDv of a particular nonlinear load bus when only one
APF is placed at the same node. Repeat the same process for all
nonlinear loads and corresponding buses. Sort these buses as per
their THDv – from the lowest THDv to the highest THDv. Give
the 1st rank to a bus, that has the lowest THDv and vice versa
for a bus that has the highest THDv.

The proposed ENLPCI is summarized in step by step as follows:

Read the data- line and load data, location of nonlinear loads
and NLDGs with its rating and harmonic spectrum.
Select the nonlinear load buses from given data.
Form the nonlinear load position based matrix using (20) and
(21).
Calculate Inl from (6) for all nonlinear loads.
Place APFs at nonlinear load buses with an equal rating of Inl for
all the states.
Run harmonic load flow and calculate THDv at all the buses
using (13) for all states.
Find the maximum THDv for all states using (22).
Determine the feasible states from all states according to their
maximum THDv using (23).
Form the groups of feasible states according to the number of
APF using (24).
Select the group which has a minimum number of APF/APFs
using (25). If this group contains only one state, than this state
is an optimal state for placement of APF and proceeds for the
optimal size. Otherwise, the next step is used to find the opti-
mal state.
In this step, the states are sorted according to their THDv using
(26). In this case, if only one state is found, then it is considered
as an optimal state. For more than one state with the same
THDv, step 12 is used.
Select the state which has buses with higher priority rank. This
state is an optimal state for APF placement and proceeds further
for the optimal sizing of APF. The flowchart of the proposed
ENLPCI is shown in Fig. 2.

AGWO is implemented to find the size and cost of APF at all
buses found by ENLPCI which is described in the next section.
2.7.3. AGWo
To improve the results, the AGWO is used here. The randomiza-

tion has an important role in the exploration and the exploitation
of metaheuristic optimization techniques. Some of the techniques
for randomization are Markov chain, levy flights, and Gaussian or
normal distribution, and adaptive. In adaptive technique, the step
size changes adaptively towards the optimal solution considering
the best fitness value and worst fitness value throughout iteration.
It results in fast convergence. The step size is given as [56],

Ss tþ1ð Þ ¼ 1
t

� � bestft tð Þ�fit tð Þð Þ= bestft tð Þ�worstft tð Þð Þð ð27Þ

where, Ss is the step size, t is iteration, bestft is the best fitness, fit is
fitness and worstft is the worst fitness.

In the proposed algorithm, the position of the grey wolf is
mapped as the cost of APF. It is coupled with harmonic load flow
to find the best fitness-cost of APF and is considered as alpha (a)
score. The corresponding variables are stored as a position. In
the same way, the second and third best solutions are stored and
named – beta (b) and delta (d), respectively. According to the best
fit, the search agents revise their positions. It is repeated for all
iterations.

The step by step procedure to apply AGWO is given below:
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Total iterations (T), Total run (Nrun), numbers of grey wolves
(Ngwa) are set.
The cost of the APF is initialized randomly. As per the grey
wolves initial positions, the position matrix at tth iteration is
created as,

C
!
ostapf ;pos tð Þ ¼

C
!
ost1apf ;1 C

!
ost1apf ;2 . . . C

!
ost1apf ;Nft�1 C

!
ost1apf ;Nft

C
!
ost2apf ;1 C

!
ost2apf ;2 . . . C

!
ost2apf ;Nft�1 C

!
ost2apf ;Nft

..

. ..
.

. . . ..
. ..

.

C
!
ostNgwa�1

apf ;1 C
!
ostNgwa�1

apf ;2 . . . C
!
ostNgwa�1

apf ;Nft�1 C
!
ostNgwa�1

apf ;Nft

C
!
ostNgwa

apf ;1 C
!
ostNgwa

apf ;2 . . . C
!
ostNgwa

apf ;Nft�1 C
!
ostNgwa

apf ;Nft

2
66666666664

3
77777777775

ð28Þ

The cost of APF for all grey wolves is calculated using (17).

Costapf tð Þ ¼ Costapf1;Costapf2 ; � � � ;CostapfNgwa�1;CostapfNgwa

� �T ð29Þ

After sorting from the lowest to the highest value of fitness of
the above matrix (29) the classification of the scores and posi-
tions of a, b, and d is done as,

1st best solution represents a score C
!
ostapf ;a;score tð Þ and the cor-

responding position is C
!
ostapf ;a;pos tð Þ (30)

2nd best solution represents b score C
!
ostapf ;b;score tð Þ and the cor-

responding position is C
!
ostapf ;b;pos tð Þ (31)

3rd best solution represents d score C
!
ostapf ;d;score tð Þ and the cor-

responding position is C
!
ostapf ;d;pos tð Þ (32)

The obtained solutions of a, b, and d are compared with previ-
ous solutions (solutions at (t � 1)th iteration) and updated as:

C
!
ostapf ;a;score tð Þ ¼ C

!
ostapf ;a;score t � 1ð Þ; if C

!
ostapf ;a;score tð Þ > C

!
ostapf ;a;score t � 1ð Þ

C
!
ostapf ;a;score tð Þ; if C

!
ostapf ;a;score tð Þ 6 C

!
ostapf ;a;score t � 1ð Þ

8<
:

9=
; ð33Þ

C
!
ostapf ;b;score tð Þ ¼ C

!
ostapf ;b;score t � 1ð Þ; if C

!
ostapf ;b;score tð Þ > C

!
ostapf ;b;score t � 1ð Þ

C
!
ostapf ;b;score tð Þ; if C

!
ostapf ;b;score tð Þ 6 C

!
ostapf ;b;score t � 1ð Þ

8<
:

9=
; ð34Þ

C
!
ostapf ;d;score tð Þ ¼ C

!
ostapf ;d;score t � 1ð Þ; if C

!
ostapf ;d;score tð Þ > C

!
ostapf ;d;score t � 1ð Þ

C
!
ostapf ;d;score tð Þ; if C

!
ostapf ;d;score tð Þ 6 C

!
ostapf ;d;score t � 1ð Þ

8<
:

9=
; ð35Þ

Same way in t þ 1ð Þth iteration

C
!
ostapf ;a;score t þ 1ð Þ ¼ C

!
ostapf ;a;score tð Þ; if C

!
ostapf ;a;score t þ 1ð Þ > C

!
ostapf ;a;score tð Þ

C
!
ostapf ;a;score t þ 1ð Þ; if C

!
ostapf ;a;score t þ 1ð Þ 6 C

!
ostapf ;a;score tð Þ

8<
:

9=
;
ð36Þ

C
!
ostapf ;b;score t þ 1ð Þ ¼ C

!
ostapf ;b;score tð Þ; if C

!
ostapf ;b;score t þ 1ð Þ > C

!
ostapf ;b;score tð Þ

C
!
ostapf ;b;score t þ 1ð Þ; if C

!
ostapf ;b;score t þ 1ð Þ 6 C

!
ostapf ;b;score tð Þ

8<
:

9=
;
ð37Þ

C
!
ostapf ;d;score t þ 1ð Þ ¼ C

!
ostapf ;d;score tð Þ; if C

!
ostapf ;d;score t þ 1ð Þ > C

!
ostapf ;d;score tð Þ

C
!
ostapf ;d;score t þ 1ð Þ; if C

!
ostapf ;d;score t þ 1ð Þ 6 C

!
ostapf ;d;score tð Þ

8<
:

9=
;
ð38Þ

The encircling and hunting behavior of the grey wolves have
been proposed in [38]. In this, the position of (ij)th grey wolf



Fig. 2. Flow chart for ENLPCI.
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is revised according to the position of a

asM
!

a;ij ¼ B
!

a;ij � C
!
ostapf ;a;pos;j tð Þ � C

!
ostapf ;pos;ij tð Þ




 


 (39)

Y
!

a;ij ¼ C
!
ostapf ;a;pos;j tð Þ � S

!
a;ij �M!a;ij (40)

s! tð Þ ¼ 2� t � 2=Tð Þ (41)

S
!

a;ij ¼ 2 � s! tð Þ � r!1a;ij � s! tð Þ ð42Þ

B
!

a;ij ¼ 2 � r!2a;ij ð43Þ
where, i = 1, 2,. . .,. . .,Ngwa � 1, Ngwa, and j = 1, 2,. . .,. . ..,Nft � 1, Nft.
Here, i and j represent the row and column of matrix respectively,
t indicates current iteration, r!1a;ij and r!2a;ij are the random vectors

in [0, 1], S
!

a;ij and B
!

a;ij are the coefficients vectors in terms of a and

elements of s! are linearly decreased from [0, 1] during the iterative
process and half of the iterations are devoted to exploration phase
and rest are for exploitation phase.

Similarly, the position of (ij)th grey wolf is revised according to
the position of b and d and it is expressed as

M
!

b;ij ¼ B
!

b;ij � C
!
ostapf ;b;pos;j tð Þ � C

!
ostapf ;pos;ij tð Þ




 


 ð44Þ

Y
!

b;ij ¼ C
!
ostapf ;b;pos;j tð Þ � S

!
b;ij �M!b;ij ð45Þ
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M
!

d;ij ¼ B
!

d;ij � C
!
ostapf ;d;pos;j tð Þ � C

!
ostapf ;pos;ij tð Þ




 


 ð46Þ
Y
!

d;ij ¼ C
!
ostapf ;d;pos;j tð Þ � S

!
d;ij �M!d;ij ð47Þ

where, S
!

b;ij and B
!

b;ij are the coefficients vectors in terms of b, S
!

d;ij

and C
!

d;ij are the coefficients vectors in terms of d.
Now, the revised value of APF cost for (t + 1)th iteration is given

as

C
!
ostiapf ;j t þ 1ð Þ ¼ Y

!
a;ij þ Y

!
b;ij þ Y

!
d;ij

3
ð48Þ

Update the grey wolves position using (48).
Update the position of all grey wolves using adaptive equation
(27).
Go to step 2 until T.

The updated cost – C
!
ostapf ;a;score is the optimum cost of APF.

AGWO is implemented as shown in Fig. 3. The simulation
results are discussed in the next section.
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3. Simulation results and discussion

This part is devoted to the simulation results and discussion.
3.1. System data

In this paper, IEEE-69 bus [68] test system as shown in Fig. 4 is
considered for simulation. Here, the NLDG supplies the nonlinear
loads is assumed. All nonlinear loads have the same harmonic
spectrum as per six pulse converter [69]. Harmonic contents of
NLDG is shown in Fig. 5 [70]. The nonlinear loads are located at
buses 27, 35, 46, 50, 52, 65, 67, and 69. i.e., at all end nodes. End
nodes are selected to observe the severe effect of harmonics on
the entire RDS.
3.2. Results and discussion

As stated in problem formulation section, the NLDG generates
power according to the solar irradiance during the day time from
hour 6 to hour 19. Therefore, the power supplied to the nonlinear
loads is also different for each hour, which results in different
levels of harmonics injected by nonlinear loads for each hour. In
the morning and evening periods, the solar irradiance is less so
the power supplied to the nonlinear loads is also less. It results
Fig. 3. Flow chart for implementing AGWO for OPAS of APF.
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in less harmonics distortion. But solar irradiance is more in the
noon period. Therefore harmonics are more in the noon period.
To fulfill the IEEE standard, control of harmonics in the RDS is
required. Here, the harmonics level is not constant and so it is
not easy to control. In the available literature, the harmonics level
is assumed to be constant because of the constant load. So the cal-
culation of THDv is done for only one load. Due to consideration of
variable nonlinear load, THDv is calculated for each hour.

APF is used to mitigate the harmonics and maintain the stan-
dard limits. A simple solution to control the harmonics in RDS with
NLDG and nonlinear load is to place the APF at all the harmonics
polluted load nodes. Here, eight buses have harmonics polluted
loads, therefore without any calculation APFs are placed at all eight
buses which have nonlinear loads and NLDGs, i.e. (buses 27, 35, 46,
50, 52, 65, 67 and 69). This easy solution is very costly because the
eight APFs with a current rating of same as harmonics injected by
NLDGs and nonlinear loads are required. Therefore, an optimiza-
tion technique is needed to solve this problem.

The ENLPCI technique, GWO and AGWO are used here to find
the OPAS of APF. For the optimization process, algorithms run for
10 times with 40 numbers of search agents and 100 iterations.

The harmonic distortion at all the buses is tabulated in Table 1
for hour 12. Among 69 buses, only 16 buses have THDv less than
5%; rest 52 buses have crossed the standard limit. The highest
THDv is 49.95% at bus 27. It is seen that the RDS is highly polluted
at hour 12. It is also noticed that the highest THDv is calculated at
bus 27 for all hours. So bus 27 has the prime importance in the
placement of APF.

Figs. 6–9 depicts the THDv at all 69 buses for each hour (from
hour 7 to hour 18). It is observed that during the initial hour, the
THDv is less compared to the noon period. For hour 6 and hour
19, the maximum THDv is less than 5%. From hour 7 to hour 18
it is, 6.14, 14.17, 27.42, 37.95, 47.10, 49.95, 48.50, 44.19, 35.04,
24.20, 12.16, and 5.09 (THDv is in %), respectively. In this section,
the harmonic pollution condition at all the buses for all hours is
discussed. In the next section, the selection of optimal buses using
ENLPCI is described

3.3. ENLPCI

Here, eight buses have nonlinear loads and NLDGs is consid-
ered. Therefore, a total of 255 (28 � 1 = 255) possible combinations
for APF placement are formed as per the nonlinear load position
matrix [23]. Each combination is represented as a state and
exhaustive results are taken. Using (20) and (21) the 255 rows by
8 columns matrix is generated. After that, for each state at all 68
buses, THDv is calculated. Feasible states are found among these
255 states by (22). Among them, the optimal placement of the
APF is found by ENLPCI for each hour. It is an accurate method.
The optimal buses found by the ENLPCI are also verified by opti-
mization algorithms. At the infeasible buses, the optimization algo-
rithms are not converged, while vice versa for feasible buses.
Table 2 represents the number of states with the number of APFs.

The number of feasible states found for one day by ENLPCI is
tabulated in Table 3. The lowest THDv_maximum found at hour
18 compared with other hours and observed that it has the highest
feasible states-248. At hours 12 and 13, the feasible state is only
one; it is due to a high THDv_maximum. Rest of the hours has fea-
sible states according to the THDv_maximum.

3.3.1. ENLPCI case 1
From Table 3, it is noticed that for hours 10 to 15 only one fea-

sible state is available for a particular number of APFs. i.e., for
seven APFs, the feasible state is one and the same for eight APFs.
In this case, the state with the minimum number of APFs is consid-
ered to be the optimal state.



Fig. 4. IEEE 69-bus distribution system with nonlinear loads and NLDGs.

Fig. 5. Harmonic contents of NLDG at hour 12.
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Table 4 represents the comparison of feasible states with num-
ber of APFs found by ENLPCI and AGWO. Table 5, represents the
case 1. The optimal buses found by ENLPCI are also validated by
AGWO.

The current of APF for this state is minimum compared to all
other states for a particular hour.

Fig. 10 compares the best fitness curve between GWO and
AGWO for hour 11 wherein it is observed that the AGWO con-
verged fast compared to GWO. The AGWO found lower value of
Table 1
THDv (%) at all buses in the absence of filter at hour 12.

Bus No. THDv (%) Bus No. THDv (%)

2 0.08 19 43.56
3 0.16 20 44.14
4 0.33 21 45.08
5 1.54 22 45.12
6 9.26 23 45.57
7 17.29 24 46.53
8 19.24 25 48.61
9 20.07 26 49.47
10 26.88 27 49.95
11 28.44 28 0.25
12 32.39 29 1.53
13 35.25 30 2.62
14 38.11 31 2.82
15 41.04 32 3.79
16 41.59 33 6.15
17 42.63 34 10.90
18 42.64 35 14.99
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cost ($1,025,958) compared to the cost found by GWO
($1,032,177). It proves the efficacy of AGWO for OPAS of APF.
3.3.2. ENLPCI case-2
For the remaining time period, the scenario is different. i.e., at

hour 9 feasible state numbers are 248, 250, and 255. Among them
for 248 and 250 states, seven APFs are required. This indicates that
after providing seven APFs, THDv is within the standard limit at all
buses in the entire IEEE-69 RDS. But the question is that how to
select the optimal state from these feasible sates? It is solved by
ENLPCI technique. The least THDv for a given feasible state is pre-
ferred for the optimal state. Therefore, at hour 9, the most feasible
sate for seven APFs is 250 because it has the least THDv 2.84% com-
pared to 4.04% THDv of state 248. It is also validated by GWO and
AGWO. The size of APFs found by optimization algorithms is more
in the case of state 248 compared to state 250. Table 6 shows the
results of ENLPCI for different time periods for case 2.

An interesting fact is that the above ENLPCI results are also sup-
ported by Table 7- the priority rank of buses. This table is formed
by giving priority to the buses according to their THDv found by
ENLPCI for each hour. The bus which has the lowest THDv for a
given state has the highest priority and vice versa for a bus with
the highest THDv. It is sorted from the lowest THDv to the highest
Bus No. THDv (%) Bus No. THDv (%)

36 0.25 53 20.81
37 1.53 54 21.66
38 2.54 55 22.86
39 2.83 56 24.05
40 2.85 57 28.52
41 9.83 58 30.73
42 12.80 59 31.57
43 13.19 60 32.56
44 13.29 61 34.70
45 14.42 62 35.11
46 14.43 63 35.72
47 0.40 64 38.72
48 2.11 65 43.11
49 7.92 66 28.96
50 9.57 67 28.97
51 19.63 68 34.45
52 20.59 69 34.46



Fig. 6. THDv at all buses for hour 7 to hour 9.

Fig. 7. THDV at all buses for hour 10 to hour 12.

Fig. 8. THDv at all buses for hour 13 to hour 15.
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THDv and tabulated in Table 7. The priority rank of buses remains
the same for all hours. At hour 9, the only difference is that in the
state 250, bus 67 is present while in the state 248, bus 52 is pre-
sent. Other buses remain the same in both states. Bus 67 has the
919
higher priority than bus 52 and hence the optimal placement is
state 250.

At hour 18, there are five feasible states with one APF as given in
Table 6 – 1, 5, 6, 7, and 8. State 1 has the lowest THDv, so it is the



Fig. 9. THDV at all buses for hour 16 to hour 18.

Table 2
Number of APF for different states by ENLPCI.

Number of APF 1 2 3 4 5 6 7 8

Number of states 8C1 8C2 8C3 8C4 8C5 8C6 8C7 8C8

State number 1–8 9–36 37–92 93–162 163–218 219–246 247–254 255

Table 3
The feasible states with number of APFs for different hours by ENLPCI.

Hour Number of APFs Total feasible states

1 2 3 4 5 6 7 8

7 1 12 40 63 55 28 8 1 208
8 0 0 2 9 16 14 6 1 48
9 0 0 0 0 0 0 2 1 3
10 0 0 0 0 0 0 1 1 2
11 0 0 0 0 0 0 1 1 2
12 0 0 0 0 0 0 0 1 1
13 0 0 0 0 0 0 0 1 1
14 0 0 0 0 0 0 1 1 2
15 0 0 0 0 0 0 1 1 2
16 0 0 0 0 0 2 3 1 6
17 0 0 3 12 19 15 6 1 56
18 5 25 55 70 56 28 8 1 248

Table 4
Feasible States for different hours with number of APFs validated by AGWO.

Hour Proposed ENLPCI AGWO

Total feasible states Feasible state with minimum nos. of APFs & its (THDv_max (%)) Nos. of APFs Optimal state Optimal state

7 208 1 (4.80) 1 1 1
8 48 67 (4.24), 82 (4.24) 3 82 82
9 3 248 (4.04), 250 (2.84) 7 250 250
10 2 250 (3.93) 7 250 250
11 2 250 (4.88) 7 250 250
12 1 255 8 255 255
13 1 255 8 255 255
14 2 250 (4.58) 7 250 250
15 2 250 (3.63) 7 250 250
16 6 228 (4.52), 237 (4.52) 6 237 237
17 56 53 (4.33), 67 (3.64), 82 (3.64) 3 82 82
18 248 1 (3.98), 5 (4.7), 6 (4.68), 7 (4.39), 8 (4.19) 1 1 1
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optimal state. It is proved by priority rank Table 7; it is clear that
bus 27 has the highest priority among all buses. It is also validated
by AGWO. The current of APF for different states is different as
shown in Table 6. The state with a bus that has a higher priority
as per Table 7 has less current.
920
3.3.3. ENLPCI case 3
Another provocation fact is that when THDv is the same for all

the feasible states for the same number of APFs, which is the most
suitable state? i.e., in Table 8, at hour 8 states 67 and 82, both have
same number of APFs and THDv, same for hour 16 (states 228 and



Table 5
Case 1 – Only one state for a minimum number of APF.

Hour State Number of APF APF Bus THDv_max (%) as per ENLPCI Optimal Iapf by AGWO

7 1 1 27 4.8 0.00757
10 250 7 27, 35, 46, 50, 65, 67, 69 3.93 0.39523
11 250 7 27, 35, 46, 50, 65, 67, 69 4.88 0.54994
12 255 8 27, 35, 46, 50, 52, 65, 67, 69 0.00 0.60566
13 255 8 27, 35, 46, 50, 52, 65, 67, 69 0.00 0.57298
14 250 7 27, 35, 46, 50, 65, 67, 69 4.58 0.50635
15 250 7 27, 35, 46, 50, 65, 67, 69 3.63 0.34865

Fig. 10. Best fitness curve.
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238). The solution of this is given by bus priority rank algorithm.
The state has most prior buses compared to other states is selected
as the most suitable state for placement of APFs.
Table 6
Case 2 – More than one state with different THDv with the same number of APF.

Hour State Number of APF APF Bus

9 248 7 27, 35, 46, 50, 52, 65, 69
9 250 7 27, 35, 46, 50, 65, 67, 69
18 1 1 27
18 5 1 52
18 6 1 65
18 7 1 67
18 8 1 69

Table 7
Priority rank by ENLPCI.

Priority Rank 1 2 3

State no. 1 8 7
Bus no. 27 69 67

Table 8
Case 3 - More than one state with same THDv with same number of APF.

Hour State Number of APF APF Bus

8 67 3 27, 65, 67
8 82 3 27, 65, 69
16 228 6 27, 35, 46, 52, 65, 69
16 237 6 27, 35, 46, 65, 67, 69
17 67 3 27, 65, 67
17 82 3 27, 65, 69
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At hour 8, in states numbers 67 and 82 have the same THDv.
State 67 consists of buses – 27, 65, and 67. State 82 consists of
buses – 27, 65, and 69. The common buses are 27 and 65. The dif-
ferent buses are 67 and 69. Bus 69 has the higher priority than bus
67. So, as per priority rank, state 82 is the optimal placement of APF
which is validated in the last column of Table 8 by AGWO with a
current of 0.06315 p.u. It is less compared to current found for
state 67 – 0.06625 p.u.

At hour 16, the states � 228 and 237 have the same THDv –
4.52%. The difference in buses is 27 and 67. Bus no 67 has more pri-
ority than bus 52 as per Table 7. Therefore state 237 is the optimal
placement of APF. AGWO found the less current of APF � 0.1828p.
u. compared to state 228–0.18383p.u. as shown in the last column
of Table 8. That is also same as for hour 17, the difference in buses
is bus 67 and 69, so state 82 is the optimal placement of APF. The
current of APF found by AGWO is 0.04634p.u. for state 82 com-
pared to 0.04778p.u. for state 67.

Moreover, the results are verified with AGWO. The current for
APF is found as per Table 8 and it is the strong evidence in support
of validation of ENLPCI.

The results for each hour (i.e., hours 7 to 18) are summarized
and compared in terms of current and cost with nonoptimized
THDv_max (%) as per ENLPCI Optimal Iapf by AGWO (p.u.)

4.04 0.23545
2.84 0.23204
3.98 0.00034
4.70 0.00231
4.68 0.00219
4.39 0.00129
4.19 0.00100

4 5 6 7 8

6 5 4 2 3
65 52 50 35 46

THDv_max (%) as per ENLPCI Optimal Iapf by AGWO (p.u.)

4.24 0.06625
4.24 0.06315
4.52 0.18383
4.52 0.18280
3.64 0.04778
3.64 0.04634



Table 9
Summary and comparative value of APF current and cost for hours 7 to 12.

Hour THDv
max
(%)

Nonoptimized value Optimized value

Iapf (p.u.) Total cost
($)

State as
per
ENLPCI

Nos.
of
APF

APF buses Algorithm Iapf (p.u.) Total cost
($)

Saving compared to
nonoptimized value (%)

Saving
compared to
GWO (%)

7 6.14 0.1000582 792,042 1 1 27 GWO 0.00756843 95,449 87.95 0.00
AGWO 0.00756843 95,449 87.95

8 14.17 0.2309162 886,260 82 3 27, 65, 69 GWO 0.06363602 315,818 64.37 0.11
AGWO 0.06315433 315,471 64.40

9 27.42 0.4468148 1,041,707 250 7 27, 35, 46, 50,
65, 67, 69

GWO 0.23226898 797,234 23.47 0.02
AGWO 0.23203989 797,069 23.48

10 37.95 0.6183704 1,165,227 250 7 27, 35, 46, 50,
65, 67, 69

GWO 0.40225842 919,626 21.08 0.55
AGWO 0.39522564 914,562 21.51

11 47.10 0.767414 1,272,538 250 7 27, 35, 46, 50,
65, 67, 69

GWO 0.55857877 1,032,177 18.89 0.60
AGWO 0.54994143 1,025,958 19.38

12 49.95 0.8138247 1,305,954 255 8 27, 35, 46, 50,
52, 65, 67, 69

GWO 0.61613346 1,163,616 10.90 0.65
AGWO 0.60565998 1,156,075 11.48

Table 10
Summary and comparative value of APF current and cost for hours 13 to 18.

Hour THDv
max
(%)

Nonoptimized value Optimized value

Iapf (p.u.) Total cost
($)

State as
per
ENLPCI

Nos.
of
APF

APF buses Algorithm Iapf (p.u.) Total Cost
($)

Saving compared to
nonoptimized value (%)

Saving
compared to
GWO (%)

13 48.50 0.790301 1,289,017 255 8 27, 35, 46, 50,
52, 65, 67, 69

GWO 0.58835419 1,143,615 11.28 0.97
AGWO 0.57298029 1,132,546 12.14

14 44.19 0.7199737 1,238,381 250 7 27, 35, 46, 50,
65, 67, 69

GWO 0.51565911 1,001,275 19.15 0.67
AGWO 0.50635397 994,575 19.69

15 35.04 0.5710122 1,131,129 250 7 27, 35, 46, 50,
65, 67, 69

GWO 0.35085436 882,615 21.97 0.18
AGWO 0.34864998 881,028 22.11

16 24.20 0.3942998 1,003,896 237 6 27, 35, 46, 65,
67, 69

GWO 0.18414215 672,582 33.00 0.14
AGWO 0.18279882 671,615 33.10

17 12.16 0.1980979 862,631 82 3 27, 65, 69 GWO 0.04635914 303,379 64.83 0.00
AGWO 0.04634361 303,367 64.83

18 5.09 0.0828851 779,677 1 1 27 GWO 0.00033537 90,241 88.43 0.00
AGWO 0.00033536 90,241 88.43

Fig. 11. THDv at different buses without APF and with APFs at hour 12.
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solution in Tables 9 and 10. Nonoptimized solution means, eight
APFs are placed at eight nonlinear load buses i.e. 27, 35, 46, 50,
52, 65, 67 and 69 with the same rating of nonlinear loads.

Here, for each hour the OPAS of APF is calculated. The saving in
cost is the maximum at hour 18–88.43% compared to nonopti-
mized solution. At hour 12, the optimal cost of APF found by AGWO
is $1,156,075. In this case, the saving is 11.48%. It is observed that
AGWO performed better compared to GWO. It has found a better
922
value of APF current for most of the hours. It results in lesser cost.
The lowest cost is highlighted in bold.

Moreover, it is also observed that the requirement of number of
APFs and its size to minimize the harmonic pollution to acceptable
level is different for each hour. No APFs are required at hour 6 and
hour 19. During this time period, all buses have THDv less than 5%.
For another time period, there is a requirement of a different num-
ber of APFs. At hour 12, cost for a nonoptimized solution is $
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1,305,954. Finally, it is reduced to $1,156,075 by AGWO. It is a sig-
nificant saving in terms of cost which proves the necessity of
ENLPCI and AGWO for OPAS of APF.

Fig. 11 shows the THDv at all buses at hour 12-without APF and
with APFs. Without APF total of 52 buses have THDv more than the
standard limit. It is noticed that without APF maximum THDv is
49.95% while after placing the eight APFs at buses 27, 35, 46, 50,
52, 65, 67, and 69, it is within a standard limit. AGWO found the
lesser value of APF current and cost compared to GWO.

4. Conclusions

In this paper, a novel technique for OPAS of APF – ENLPCI is pro-
posed and incorporated in the problem formulation for OPAS of
APF using both GWO and AGWO. The problem of OPAS of APF is
considered for the RDS with NLDGs. The effect of variability in har-
monics due to the penetration of RES is accounted by an hourly
analysis and solving the problem on an hourly basis. The optimal
buses for the placement of APFs are found by ENLPCI and size of
APF is optimized by GWO and AGWO. The AGWO performed better
compared to GWO for all hours. The maximum cost saving is
88.43% at hour 18. The analysis considering hourly variable load
is more prominent than considering only fixed load. For each hour
the number of APFs, their placement and sizes are different. It
proves the necessity to include the variable nonlinear load in the
analysis. The analysis shows that the cost of the APFs varies
between a minimum of $ 90,241 to a maximum of $ 1,156,075.
Similarly, saving is from a maximum of 88% at hour 18 to a mini-
mum 11.48% at hour 12 compared to a nonoptimal solution.
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