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Abstract: This paper aims to find the optimal size of parameters of a C-type filter in a non-sinusoidal
system using a new optimization method called the Archimedes optimization algorithm (AOA).
The inductance and capacitance values of the filter are acquired in which the power loss in the
Thevenin resistor and the power loss characteristics of the load bus are minimized based on a new
proposed objective function. Subject to technical and practical limitations of the IEEE 519 standard,
an optimization problem is defined to achieve an optimal filter design that can increase the system
power quality. The effectiveness of the proposed method is proved by comparison with the recent
previously published methods. The results show the effectiveness of the proposed approach using
the AOA in finding the minimum power losses and the harmonic content of frequency-dependent
components. Eventually, the current study confirmed that the suggested objective function minimizes
power losses of fundamental and harmonic order harmonics in non-sinusoidal systems.

Keywords: C-type filter; harmonic distortion; non-sinusoidal network; Archimedes optimization
algorithm

1. Introduction

Harmonics and distorted waveforms are one of the main power quality (PQ) problems
in the power network since the initial development of the alternating current (AC) system.
The growing utilization of power electronic apparatus and nonlinear loads aggravate the
PQ. Nowadays, advancement in power networks causes the new challenges in the PQ
which can be referred to as the integration of large-scale renewable energy-based generation
technologies, and the interconnected power grids growth. These nonlinear loads generate
currents and voltages with frequencies higher than the main frequency, which are named
harmonic. Paying attention to PQ issues such as harmonics are imperative for power
system reliable performance [1–5].

Harmonic pollutions are generated by modern electronic and power electronic loads
that can be seen in all industrial devices. By increasing the number of nonlinear loads in
distribution systems, the load power factor (PF) decreases, losses increase, and system
efficiency reduces, due to the fact that nonlinear loads are categorized as the harmonic
current and harmonic voltage sources. When the harmonic distortion goes beyond the
standard levels, it causes numerous issues such as poor energy efficiency, excessive power
loss, and overheating problems due to harmonic overloading of frequency-dependent
apparatuses including lines, transformers, cables, and motors. This issue can reduce
their load capacity, protection equipment malfunction, revenue measurement errors, and
possibility of resonances at various harmonic frequencies that leads to voltages and currents
spikes [6–17].

There are several harmonic mitigation methods for reduction or elimination of the
impact of the harmonic, including a K-factor transformer [18], a tuned harmonic filter [19],

Energies 2022, 15, 1587. https://doi.org/10.3390/en15041587 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15041587
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-7691-3485
https://doi.org/10.3390/en15041587
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15041587?type=check_update&version=2


Energies 2022, 15, 1587 2 of 23

an active filter [20], and a shifting transformer [21]. Among the various techniques and
power conditioning strategies that increase the PQ and diminish harmonics, passive filters
are broadly used for the maintenance of voltage, economic performance in reactive power
compensation, and harmonic modification in power networks, for they have low cost,
simplicity, easy monitoring and maintenance, and good reliability [22].

Active power filters (APFs) have been used for reactive power and harmonic com-
pensations. The injection of a compensating current is the principle of operation for active
power filters where the injected current has equal magnitude and opposite sign in order to
cancel the harmonics and consequently regulate voltage. An active power filter is a group
of power electronics-based filters that will utilize components like an amplifier for its func-
tioning. APFs are effective for small nonlinear loads, but are not feasible and cost-effective
for large rated nonlinear loads. Their installation and running costs are high since they
require high performance voltage (or current) source converters. The initial and operational
costs are relatively high due to its high dc-link operating voltage during inductive loading.
In addition, it needs a complex control system, and therefore it is only suitable for low or
moderate frequencies and cannot handle a large amount of power [23,24].

However, passive power filters were broadly implemented to suppress harmonic
current and compensate reactive power in distribution power systems due to their low-cost,
simplicity, and high-efficiency characteristics. They can handle large voltage, current and
power without power supply requirement. They do not need the additional dc power
supply for their operation. However, regardless of numerous advantages, passive filters
are not very effective in some conditions including transients, presence of higher order
harmonics, and resonance issues [25,26].

To improve the limitations of conventional shunt passive filters, a quasi-passive filter
(QPF) has been proposed which comprises of a parallel and series tuned LC circuit. With
some variations, the QPF can be used [25]. Inverters have been used to connect distributed
generation systems to grids and it is very important to achieve high quality waveforms
with the least possible switching transitions number. The well-known selective harmonic
elimination pulse width modulation (SHEPWM) method can remove some definite har-
monics. Reference [26] suggests an optimal selective harmonic mitigation method that
allocates the necessary number of switching angles between different multilevel inverter
voltages levels. Consequently, switching frequency has been reduced to the least possible
amount. In addition, a special technique is also used to reduce the individual harmonics
as much as possible. In [27], the designed coupling LC is based on the reactive power
consumption, whereas the planned dc-link voltage level is based on the maximum reactive
power compensation range of the LC-HAPF (harmonic active passive filter). Hence, even
if the reactive power compensating range was insignificant with a low dc-link voltage,
the LC-HAPF could provide dynamic reactive power compensation. Consequently, the
reactive power compensation capability is still effective.

Among the various types of passive filters, high-pass passive filters are customary,
especially for heavy industrial and HVDC applications, besides transmission systems due
to resonance damping of harmonic, voltage support, the loss reduction, and harmonics
mitigation. When harmonic pollution is not identified or is hard to forecast, these filters
are widely used. Based on their connection, passive filters are categorized into the series
and shunt filters. Series type of passive filters creates a high-impedance series path which
leads to block harmonics at the tuning frequency, whereas shunt filters present a low-
impedance shunt path and consequently harmonics are diverted at the tuning frequency.
To mitigate harmonics, shunt filters were implemented more than series filters because
series filters have more fundamental harmonic power loss and voltage drop. Shunt filters
were categorized, based on their function, into tuned and damped filters. Tuned filters
are filters which are designed to reduce harmonics by creating a low impedance path
at one, two, or even three tuning harmonic frequencies. Single-tuned filters are usually
implemented in distribution systems and industrial applications, whereas the double-
tuned and the triple-tuned filters are used in high-voltage applications and HVDC systems.
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Damped filters are used to filter a wide range of frequencies. The most common damped
filters are the second-order, third-order, and C-type filters [28,29].

From the viewpoint of optimization methods for filter designing, research works in
literature can be categorized into several classes, which include classical linear and nonlin-
ear approaches [30], sequential quadratic programming [31], and metaheuristic methods.
Various metaheuristic approaches for optimal filter design were represented using adaptive
carrier frequency optimization [10], non-dominant genetic algorithm (NSGA-II) [32], bee
colony [33], adaptive bacterial nutrition optimization [34], differential evolution [35], the
cuckoo search algorithm [36], the crow search algorithm [37], the bat algorithm [38], and
the Harris Hawks optimization algorithm (HHO) [29]. Generally, the complex problems
can found by metaheuristic methods that offer solutions in accordance to constraints and
non-constraints. Next, the global behavior has been improved by organizing the interaction
between exploration and exploitation to create a robust search path that can escape local
optima and achieve global or near-global solutions.

From the solution approach viewpoint, various techniques were proposed to find
solutions, such as minimizing harmonic pollution, cost, or power loss, or power factor
maximizing, or efficiency [29–39]. A comprehensive overview of the different objective
functions (OFs) and constraints for passive filters design was introduced in [40–42]. In these
references, the harmonic power losses minimization of frequency-dependent components
such as transmission lines [40] and cables [41] or transformers [42] were considered.

Compromise about the frequency-dependent weights of harmonic voltage and current
vectors was achieved in [29]. In [29], an approach was proposed to design a C-type filter
(CTF) to reduce harmonic overloading. It should be noted that the resistances were consid-
ered as frequency dependent. For this purpose, a newly developed index is proposed to
evaluate the PQ performance of the system with various frequency-dependent components.
Non-sinusoidal conditions are indicated by the distortion of the utility voltage and the
current distortion of the load.

The proposed objective function (POF) in [29] is developed to minimize cable harmonic
losses. However, to achieve this aim, the harmonic losses of the CTF have not been
minimized. To address this problem, in this paper, a method for optimal development of a
C-type harmonic filter was proposed to adjust harmonic losses of filter and distorted power
distribution systems. Besides the harmonic characteristic of source, equipment (cables and
transformers) and loads, where all these conditions are instantaneously formulated in an
optimization problem, are considered for the optimal design of the CTF. The problem is
defined in such a way that its solutions comply with the harmonic constraints reported
in the IEEE Standard 519. This problem was solved using a new optimization algorithm
called the Archimedes optimization algorithm (AOA), which is based on the physics
law known as the principle of the Archimedes. AOA is an intelligent optimizer with
fast convergence speed and balance of exploration and exploitation to solve complicated
engineering issues [41]. The obtained results by the AOA were compared to the acquired
results by HHO for solution validation. The simulation consequences demonstrate well
the convergence ability and the efficiency of the represented algorithm for the problem
solving of CTF optimum design that is implemented in distribution systems. In addition,
the filter designed by the proposed method was confirmed by the efficiency of the POF
performance in minimization of the systems power losses in fundamental and harmonic
orders components. Generally, in this paper, a new OF is proposed for the optimal design
of a CTF. Both harmonic losses of the filter and the harmonic losses of the power system
were considered in OF, and the filter design was adapted to moderate these two losses.
An optimum design algorithm was primarily established to design a resonance-free CTF.
Effective employment of the latest metaheuristic optimization algorithm, the AOA, has
been done for the passive harmonic CTF design procedure. In addition, a comparative
analysis was done between performances of the third-order high-pass filter and CTF.
According to the presented results, the C-type filter leads to the higher PF, system efficiency
improvement, and also less transmission loss.
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The rest of the paper is organized into five sections. In Section 2, the CTF is represented
and formulized. The system under study and the optimization algorithm are proposed in
Section 3. Further, performance indices that evaluate the PQ of the system are represented.
Section 4 presents the problem formulation and the obtained results are discussed. Finally,
the conclusions are represented in Section 5.

2. C-Type Filter: Overview and Design Formulas

The system-independent design was originally introduced in [39] to propose a de-
tuned CTF resonance-free. The word “resonance-free” means that the harmonic voltage
magnification produced by the shunt equipment is defined not to be higher than a certain
designed threshold, for any system situation. The single-phase equivalent circuit of the
CTF is represented in Figure 1. The CTF performs similar to a capacitor (CF1) at the fun-
damental frequency, causing essentially insignificant and theoretically zero power loss at
the fundamental harmonic. The hth harmonic equivalent impedance of the filter can be
represented as (1):

Zh
F = Rh

F + jXh
F (1)

Rh
F =

R(ω2LFCF2 − 1)2

ω2(RCF2)
2 + (ω2LFCF2 − 1)2 (2)

Xh
F =

(R2C2
F2LFCF1 − LF

2C2
F2)ω

4 + (2LFCF2 − R2CF2CF1 − R2C2
F2)ω

2 − 1

ωCF1(ω2(RCF2)
2 + (ω2LFCF2 − 1)2)

(3)

where the harmonic equivalent impedance is Zh
F, Rh

F is the filter equivalent resistor, and Xh
F

is its reactance.

Figure 1. The C-type filter (CTF) single-phase equivalent circuit.

According to [38], the scheme situations for a CTF are represented in Figure 2 and
investigation of these situations will be explained as follows:
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Figure 2. The CTF design situations.

Reactive power support is the first situation. The reactive power output of the filter
must be equal to the required amount QcF. This situation defines Equation (4) for showing
the relationship between the reactive power and the main capacitor CF1.

CF1 =
QcF

ω1V2
r

(4)

QcF = ω1CF1V2
r (5)

where ω1 is the fundamental angular frequency and Vr is the nominal voltage.
The second situation is the power loss minimization at the fundamental frequency.

In this state, LF and CF2 resonate to remove the loss of the fundamental order harmonic
that causes:

LF =
1

ω2
1CF2

(6)

ω1 =

√
1

LFCF2
(7)

A resonance-free situation process is the third situation. When the device is attached
to the system, the harmonic voltage at the connection point varies from Vpre(ω) to Vpost(ω).
The harmonic voltage amplification ratio (HVA) thus can be calculated as (8) [28,29], where
Zh

s is the system impedance, and Rh
s and Xh

s are the real and imaginary components of
Zh

s , correspondingly.

HVA =

∣∣∣∣Vpost(ω)

Vpre(ω)

∣∣∣∣ =

∣∣∣∣∣ Zh
F

Zh
F + Zh

s

∣∣∣∣∣ =

∣∣∣∣∣ Rh
F + jXh

F

Rh
F + jXh

F + Rh
s + jXh

s

∣∣∣∣∣ (8)

For a specified frequency, the highest Vpre(ω) take places when the system impedance
is only reactive and is identical to the negative of shunt device’s equivalent reactance,
which is:

Rh
s = 0 Xh

F = −Xh
s (9)
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Under this situation, the largest amount of HVA is:

HVAworst =

√√√√1 + (
Rh

F

Xh
F
)

2

(10)

A resonance-free state can be definite as:

HVAworst ≤ HVAlimit f or h ≥ ht (11)

where HVAlimit is a user-identified parameter and ht is the tuning frequency.
At various frequencies, the system impedance is usually inductive rather than capaci-

tive. Inductive impedance condition is the latest design situation. In this situation, the CTF
must show inductive impedance beyond its tuning frequencies, which is:

XF ≥ 0 f or h ≥ ht (12)

3. Analysis of the System under Study
3.1. System under Study

In this paper, the optimal design of a passive CTF for a conventional industrial power
system is studied. To acquire the current, voltage, and power for the studied system,
its single-phase equivalent circuit is represented in Figure 3. The load bus includes a
three-phase linear load, nonlinear load, individual capacitor, and CTF. A power cable
that transmits energy from the transformer to the loads and a CTF connected to the load
bus [41–43]. It should be noted that, in this paper, two scenarios are investigated. In the
first scenario, some linear loads are compensated by an individual capacitor; in the second
scenario, no individual capacitor is used for connected loads.

Figure 3. Single-phase equivalent circuit given.

As shown in Figure 3, a linear impedance (Zh
L = rh

L + jxh
L) and a constant current

source per harmonic represent the linear and nonlinear load model parameters, where h is
the harmonic order. The denoted hth harmonic impedance of the individual compensation
capacitor, which is pre-installed for the linear loads on the customer side, is represented
by Zh

cc = −jxh
cc. The utility side can be modeled by a Thevenin equivalent voltage source

and a Thevenin equivalent impedance Zh
s = rh

s + jxh
s for each harmonic order. The hth

harmonic resistance of the voltage source can be expressed as:

rh
s = r1

s (1 +
0.646h2

192 + 0.518h2 ) (13)

where RS is the fundamental harmonic resistance of the voltage source. Additionally, the
hth harmonic inductive impedance of the cable can be written as:

Zh
c = rh

c + jxh
c (14)

rh
c = r1

c (0.187 + 0.532
√

h) (15)

xh
c = hx1

c (16)
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The consumer transformer can be essentially modeled by its primary referred harmonic
short circuit impedance to its primary side [41–44].

Zh
t = rh

t + jxh
t (17)

xh
t = hx1

t (18)

Smax,Tr(pu) = 3V(pu)Imax−Tr (19)

where xh
t is the transformer inductive reactance at harmonic components and it is signified

as hx1
t . In addition, rh

t is the transformer equivalent resistance at harmonic frequency.
It consists of one frequency-independent resistance and also two frequency-dependent
resistors, namely dc resistance (rdc), the resistance of winding stray loss (rst), and (rost)
resistance associated with the additional stray losses in the transformer tank and its clamps.

rh
t = rdc + h2rst + h0.8rost (20)

According to [45,46], the total three-phase harmonic loading losses of a transformer
supplying nonlinear loads are considered as:

∆pt = ∆pdc + ∆pst + ∆post = 3
h

∑
h=1

(Ih
s )

2rh
t (21)

3.2. Introducing Performance Indices

To compute performance indices, the line current, as well as PCC and load voltages,
must be calculated. The line current and voltages are expressed as follows:

Ih
S =

Vh
S + (Ih

L × Zh
FF)

Zh
S + Zh

c + Zh
t + Zh

FF
(22)

Zh
FF =

1
1

ZF
+ 1

Zl
+ 1

Zcc

(23)

Vh
PCC

= Vh
S − Ih

S Zh
S (24)

Vh
L = Vh

S − Ih
S(Zh

S + Zh
c + Zh

t ) (25)

In Equation (22), Ih
S shows the line current complex phasor. Moreover, the load-side

voltage and the PCC complex voltages were represented as Vh
L

in Equation (24) and Vh
PCC

in
Equation (25).

By considering the fundamental active power (P1) and apparent power (S1) at the load
bus, the true power factor (TPF) and displacement power factor (DPF) can be formulated
as follows:

P1 = V1
L I1

L cos(ϕ1), S1 = V1
L I1

L (26)

DPF(%) = 100× P1

S1
(27)

TPF(%) = 100×

H
∑

h=1
Vh

L Ih
S cos(ϕh)√

H
∑

h=1
(V1

L )
2

√
H
∑

h=1
(I1

S)
2

(28)

THDVPCC = 100×

√
H
∑

h=2
(Vh

PCC)
2

V1
PCC

(29)
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The total harmonic distortion (THD) of voltage and total demand distortion (TDD) of
line-to-line current are expressed as Equations (29) and (30).

TDD = 100×

√
H
∑

h=2
(Ih

S)
2

Imd
(30)

In addition, the apparent power (SE) and power factor (PFHA) expressions that com-
pute the non-sinusoidal losses can be represented as follows:

SE = 3

√√√√ h

∑
h=1

(Vh
L )

2Ch
v

√√√√ h

∑
h=1

(Ih
S)

2Ch
i (31)

PFHA =
∑h Vh

L Ih
S cos ϕh

SE
(32)

where Ch
v and Ch

i are the hth harmonic weighting factors for voltage and current, respec-
tively. Both are identical at the fundamental frequency (equal to 1). ϕh is the hth harmonic
phase angle between the hth line current and load voltage. Different values were considered
for Ch

v and Ch
i at harmonic frequencies, but the most suitable values were obtained when

setting Ch
v equal to 1 and Ch

i equal to h1.333, as implied in IEEE 519 limits. It should be
mentioned that maximizing PFHA leads to the harmonic losses to become minimized.

Another index which should be calculated is loss-based power factor (PFL). Max-
imizing PFL would minimize the components harmonic losses. Under non-sinusoidal
conditions, the PFL is stated as:

PFL =

√
∆pmin

∆p
(33)

Consequently, for the systems that are distorted by harmonics, the entire power loss
(∆p) can be calculated as:

∆p = ∆pS + ∆pt + ∆pc (34)

where ∆pmin is achieved by the time Imin, which is when a sinusoidal active current is
passing through the system. It can be computed based on the fundamental frequency
component of the load voltage, and also the amplitudes of the active power as follows:

I =
p1

V2
1

(35)

The correlation between the voltage harmonics and motor load loss function (MLL) is
specified as Equation (36).

MLL(%) = 100

√
∑H

h=1
|Vh

L |
2

h

V1
L

(36)

Transmission efficiency is introduced as an index that is used to assess the system load
performance. This parameter is represented as:

η(%) = 100×

H
∑

h=1
Vh

L Ih
S cos(ϕh)

H
∑

h=1
Vh

L Ih
S cos(ϕh) +

H
∑

h=1
Ih
S

2(rt + rs + rc)

(37)
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3.3. Optimization Algorithm: Overview, and Formulations

Nowadays, optimization algorithms based on the metaheuristic techniques are fre-
quently used to solve complicated engineering issues due to their exploration and ex-
ploitation capabilities to get better results. In this work, AOA, is used to calculate the
CTF parameters, for it has good capability to solve subjects [46]. Archimedes’ principle
is based on the object immersion in a fluid. The fluid applies a downward force on the
object that is the same as the subject weight. The immersed objects are considered as the
population individuals in this algorithm. Similar to the other swarm-based metaheuristic
procedures, a search procedure is begun by the AOA based on the object’s initial population.
These candidate explanations have random volumes, densities, and accelerations values.
After that, each object position is adjusted randomly. After the fitness evaluation, the AOA
optimization starts and the iterations will be continued as long as the termination complaint
happens. The object density and its volume are updated in every repetition, and the object
acceleration is informed according to the collision situation of the neighbor object. The
AOA can be represented as a global optimization algorithm which involves exploration
and exploitation abilities. Figure 4 shows the AOA, and the steps of the represented AOA
are detailed as following:
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Initialization of the positions of all objects is shown in Equation (38):

Oi = lbi + rand× (ubi − lbi); i = 1, 2, . . . , N (38)

where Oi is the ith object in a population of N objects, and lbi and ubi are the lower and
upper bounds of the search-space, respectively.
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The initialization of the volume (vol), density (den), and acceleration (acc) for each ith
object is according to:

deni = rand
voli = rand
acci = lbi + rand× (ubi − lbi)

(39)

In this step, primary population evaluation and also object selection based on its
fitness value will be conducted (xbest, denbest, volbest, and accbest). The density and volume of
the ith object for the iteration t + 1 is updated using:

volt+1
i = dent

i + rand× (denbest − dent
i) (40)

volt+1
i = volt

i + rand× (volbest − volt
i) (41)

where denbest is the best object density and volbest is its volume, and rand represents the
random number. First, a collision happens among objects and, after a short time, the objects
attempt to get the stability condition. This is employed in the AOA with the aid of the
transfer operator (TF) parameter. This parameter converts the search from exploration to
exploitation and it is defined using Equation (42):

TF = exp(
t− tmax

tmax
) (42)

where TF varies with time until it reaches 1. In this equation, t and tmax are iteration
and maximum iterations numbers, correspondingly. Additionally, d, which is called the
density decreasing factor, helps the AOA in global and local searches. It reduces with time
Equation (43):

dt+1 = exp(
t− tmax

tmax
)− (

t
tmax

) (43)

where dt+1 reduces with time, to converge in a previously known promising area. Proper
supervision of this index balances exploration to exploitation in the algorithm.

If TF ≤ 0.5, object collision happens, a random material (mr) is chosen and an object’s
acceleration for repetition t + 1 is updated as:

acct+1
i =

denmr + volmr × accmr

dent+1
i × volt+1

i

(44)

where deni, voli, and acci are density, volume, and acceleration of ith object. In addition,
accmr, denmr and volmr are the acceleration, density, and volume of random material. It is
significant to declare that TF ≤ 0.5 confirms exploration through one third of iterations.
Applying a value other than 0.5 will change exploration–exploitation behavior.

No collision takes place between objects for TF > 0.5. An object’s acceleration can be
updated for repetition t + 1 using:

acct+1
i =

denbest + volbest × accbest

dent+1
i × volt+1

i

(45)

where accbest is the best object acceleration.
Normalized acceleration was implemented to calculate the percentage of variation,

as follows:

acct+1
i−norm = u×

acct+1
i −min(acc)

max(acc)−min(acc)
+ 1 (46)

where u and l are the normalization variety and are 0.9 and 0.1, correspondingly. The
acct+1

i−norm shows the step percentage of each agent. If the object i has a significant distance
from the global optimum, the acceleration amplitude will be great, and the object will be
in the exploration stage; or else, the object will be in the exploitation stage. Typically, the
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acceleration agent has a large value at the beginning and reduces with time. This assists
search agents to transfer to the global best result, far from local solutions.

If TF is lower than 0.5, the ith object’s position for next iteration t + 1 is:

xt+1
i = xt

i + C1 × rand× acct+1
i−norm × d× (xrand − xt

i ) (47)

where C1 is a constant equal to 2. Otherwise, the objects update their positions Equation (48):

xt+1
i = xt

best + F× C2 × rand× acct+1
i−norm × d× (T × xbest − xt

i )

T = C3 × TF
(48)

where C2 is a constant and it equals to 6. T is time-dependent and it is related to the
transfer operator.

The few number of steps and the function consideration requirement for the optimum
solution location are considered as the major advantages of this method. On the other hand,
the algorithm only solves the convergence problem.

4. Optimization Problem

In this work, the AOA has been implemented to find the optimal design of CTF, while
maintaining the desired performance levels. The diagram of the proposed technique is
shown in Figure 5. In this section, the proposed optimal filter design approaches are
numerically evaluated for the two scenarios in a studied industrial power system. For
scenario 1, the individual capacitor was connected in the studied system; for scenario 2,
the capacitor was excluded. The fundamental frequency supply voltage and short-circuit
power of two simulated systems are 6350 V (line-to-line) and 800 MVA. The OF, constraints
and results are given below.

4.1. Proposed Objective Function

The proposed optimization approach in [29] was the minimization of transmission
line power losses to reduce harmonic overloading of the frequency-dependent apparatuses
in the system, whereas this optimization function did not minimize filter harmonic losses.
The conventional optimization approaches, which were the maximization of PFL and the
harmonic adjusted power factor, were proposed in [46], respectively, to reduce components’
harmonic overloading in the system. According to the obtained result in [46], PFL increment
causes the load power loss increment. Therefore, optimizing the filter according to these
OFs has not led to the proper design of the filter in order to reduce the harmonic losses of
the whole system.

Consequently, in this paper, a new OF is proposed to optimum the harmonic losses
of the load and transmission system. The purpose of this function is to optimize the CTF
parameters in order to balance the harmonic losses (both transmission losses and loads bus
losses) of the under-studied system. The proposed OF was shown as (48). As shown in
this equation, the POF includes two terms. The first term is related to the transmission line
losses, and the load losses are proposed in the second term. Accordingly, the minimization
of total loss (including fundamental and harmonic losses) is the major goal in this POF.

OF = minimize[
∑
h
(Ih

S)
2
(rh

t + rh
c + rh

s )

∆pr
+

H
∑

h=1
Vh

L Ih
S cos(ϕ) +

H
∑

h=1
(Ih

S)
2
(rh

S + rh
c + rh

t )

H
∑

h=1
Vh

L Ih
S cos(ϕ)

] (49)

It should be noted that optimization of CTF parameters were done for two scenarios,
including the individual capacitor and excluding it.
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4.2. Constraints

Six constraints have been applied in this paper. The primary limitation is to certify the
harmonic components of the voltage limits compliance with the reported value in IEEE 519
for the point of common coupling and load bus voltages [46]. Figure 6 shows the threshold
values according to the IEEE 519, which is used in this problem, where THDVmax is the
maximum acceptable amount by IEEE 519 for THDV. IHDVh

PCC and IHDVh
L represent the

hth different harmonic distortion percentages of the point of common coupling and load-
bus voltages, respectively. The hth maximum amount allowable for individual harmonic
voltage distortion is named IHDVh

max.
The second limitation is to ensure that the PCC voltages and loads match the bus

voltage range. The third restriction is to guarantee passivity with the individual harmonic
current and the total demand distortion restraints represented in IEEE 519 for the distorted
system currents. The fourth limitation is to guarantee that the TPF range is in its satisfactory
boundaries [46]. The fifth constraint is to warrant limitation with shunt capacitor restrictions
proposed in IEEE 18-2012 to certify operation of connected capacitors that it is connected
to the non-sinusoidal load bus. Specifically, for every shunt capacitor, the capacitor’s rms
voltage, peak voltage, rms current, and reactive power must conform to the proposed
parameters that are given per-unit based on their nominal amplitudes [46].

Vc,k(CF1, LF, CF2, R) ≤ 1.1
Vcp,k(CF1, LF, CF2, R) ≤ 1.2
Ic,k(CF1, LF, CF2, R) ≤ 1.35
QcF,k(CF1, LF, CF2, R) ≤ 1.35

(50)
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The last limitation is to certify that the connected filter attenuates the harmonic reso-
nance that is originated after the connection. It represents based on the load voltages ratio
before and after filter connection in the system and according to the worst item of HVAworst.
In this situation, the series system impedance is completely reactive and matches to the
negative equivalent filter reactance [29]. Therefore:

HVAh
worst(CF1, LF, CF2, R) ≤ HVAThreshold

worst , HVAThreshold
worst = 1.2 (51)

Figure 6. The threshold values according to the IEEE 519.

4.3. Simulation Results

The three-phase short-circuit power of system in Figure 3 is 800 MVA, and the rated
line voltage is 6.35 kV. The impedances of the system and load are shown in Table 1. These
values are reported at the fundamental frequency. The equivalent Thevenin resistance is
0.0038 Ω and this value is reported for the first order harmonic component. Its reactance
amplitude at this frequency is 0.0506 Ω. A power cable with 640 A ampacity, length of
0.1 km and 6.35 kV rated voltage was considered. It should be noted that its reactance
and also resistance values at the fundamental frequency were considered as 0.0098 Ω
and 0.0104 Ω. The rated power of the consumer transformer is 7 MVA and its voltage
ratio is 6.3 kV/0.4 kV. The transformer resistances are set as 0.026, 0.006, and 0.012 ohms,
respectively, and the inductive reactance value is given 0.221 ohms. The load bus powers
including active and reactive powers were assumed to be 4.9 MW and 4.965 MVAr. The 4
and 4.05 ohms are the load resistance and reactance, respectively, at the fundamental order
harmonic. A capacitor bank compensates the reactive power for the loads, and x1

cc referred
to the transformer primary side is 100 Ω.

Table 1. The load and system characteristics.

Parameter r1
s x1

s r1
t x1

t r1
c x1

c r1
L x1

L x1
cc

Value (Ω) 0.0038 0.0506 0.044 0.221 0.0098 0.0104 4 4.05 100

The harmonic characteristic of the system and connected linear load and individual
capacitor were calculated based on the proposed Equations (13)–(21) in Section 3. In
addition, the nonlinear load was simulated using harmonic current injections at harmonic
orders which are shown in Table 2 [46]. The harmonic voltage distortion, which is shown
in Table 2, is referred to the utility side’s one. The simulations were performed using the
MATLAB software package.



Energies 2022, 15, 1587 14 of 23

Table 2. The nonlinear loads and utility side’s background harmonic voltage.

Harmonic Order (h) Nonlinear Load
Current (A)

Phase Angle
(Degree)

Utility Harmonic
Voltage

5 75 −45× h 55
7 65 −45× h 40
11 55 −45× h 35
13 40 −45× h 30

17, 19, 21, 23 15 −45× h 25
29, 31, 35, 37 10 −45× h 12.5
41, 43, 47, 49 7.5 −45× h 7.5

The uncompensated system results are tabulated in Table 3. It can be seen from Table 3
that THDVPCC is close to THDVmax, but both THDVL and TDD are significantly greater
than their allowable values. It can be concluded from Table 3 that the THDVPCC value in
scenario 1 is close to the allowable value, THDVmax, (as shown in Figure 6); in scenario 2,
due to the lack of individual capacitor, its value has exceeded the allowable limit. However,
both THDVL and TDD are significantly higher than their allowable values. In addition,
represented results show that the considered power factor expressions, for both scenarios,
are very small due to the harmonic pollution and lack of reactive power. The results of
scenario 2 also show that the capacitor uninstallation leads to more reduction in total
harmonic distortion and power factor, and therefore poorer PQ. It shows that the connected
capacitor to the load bus does not affect the DPF value improvement. The motors MLL
value also has a high amplitude. In addition, components power losses values are large
and it shows that system harmonic overloading aggregated.

Table 3. The uncompensated system results under two scenarios.

Scenario 1

Parameter Value Parameter Value

IS(pu) 0.9596 PFHA(%) 45.1853

VPCC(pu) 0.9927 MLL(%) 4.4511

VL(pu) 0.9728 THDVL(%) 15.0626

TPF(%) 69.0024 THDVPCC(%) 4.1633

DPF(%) 73.1726 TDD(%) 23.7984

PFL(%) 70.2339 ∆p(pu) 1.7519

Scenario 2

Parameter Value Parameter Value

IS(pu) 0.9675 PFHA(%) 40.1347

VPCC(pu) 0.9854 MLL(%) 5.68

VL(pu) 0.9623 THDVL(%) 17.84

TPF(%) 65.056 THDVPCC(%) 5.3741

DPF(%) 70.27 TDD(%) 25.98

PFL(%) 68.27 ∆p(pu) 1.8493

As shown in Table 3, the optimum finding of CTF parameters can improve the PQ
of the studied system. Therefore, optimization process based on the OF presented in (49)
was performed. In addition, to find the optimization problem, the AOA and the HHO
algorithms were implemented using the MATLAB software package. The search agents’
number and the maximum iterations number were set to 50 and 400, correspondingly. The
presented results are reported as an average value over 30 independent runs.
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The optimal parameters for the simulated filter and the best fitness amplitudes by
the HHO and the AOA algorithms are given in Table 4. Moreover, the worst, mean, and
standard deviation of the obtained fitness parameters and the computation times are
explained in the same table.

Table 4. The optimal filter parameters and the best fitness values.

AOA HHO AOA HHO

Scenario 1 Scenario 2
CF1(mF) 0.31189 0.332 0.3765 0.04105
CF2(µF) 94,068 94,218 84,672 96,413
LF(mH) 1.27 1.174 1.41 1.32

R(Ω) 3.2452 3.256 4.254 4.398
Best 5 33 37 7

Mean 6.7 25.3 38.5 7.5
Standard
Deviation 0.13 0.136 0.12 0.14

Time(s) 181.32 184.58 182.13 185.97

It is shown in Table 4 that the two considered algorithms represent the best fit parame-
ters. For scenario 1, the represented results by the AOA are superior to the results of the
HHO optimizer in terms of best-fit (=5) and mean (=6.7) values. The minimum values of
the standard deviation index of the AOA (0.13) and the HHO (0.136) indicate their high
robustness. In addition, the AOA has a lower time for computation to reach the best fitness
value than the HHO algorithm over the identical iterations number, and also the runs.
According to the results, it is clear that the capacitors amount used in the CTF in scenario 2
is more than in scenario 1, because in scenario 1, a portion of the reactive power of the load
is supplied by the individual capacitor. Therefore, lower reactive power will be delivered
from the filter in this plan.

The comparison of the results show that the optimal solution is achieved with better
standard deviation and running time. The results also show that the proposed method
might have advantages when compared with the proposed method in [29].

In addition, the convergence rate for both algorithms and both studied scenarios were
illustrated in Figure 7 for the sake of a better comparison between the two implemented
algorithms. This is a typical diagram for 30 run numbers that, for example, a sample
convergence diagram has been shown in Figure 7. The compensated system results and
also the optimum calculated parameters for the studied filter for the proposed OFs are
tabulated in Table 5.

Figure 7. The convergence rate in finding the best fitness.
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Table 5. The optimal filter parameters and results for the compensated system for the two scenarios.

Scenario 1 Scenario 2

CF1(mF) 0.31189 0.3765

CF2(µF) 94068 96672

LF(mH) 1.27 1.41

R(Ω) 3.2452 4.254

IS(pu) 0.7642 0.7693

VPCC(pu) 0.9997 0.9945

VL(pu) 0.9957 0.9854

TPF(%) 98.56 92.13

DPF(%) 99.96 94.34

PFL(%) 92.63 87.49

PFHA(%) 91.56 83.23

MLL(%) 1.34 1.69

THDVL(%) 3.17 3.69

THDVPCC(%) 3.58 4.17

TDD(%) 8.95 9.95

For the uncompensated system, a negligible harmonic current can make very high volt-
age distortion, as displayed in Table 3, due to the nonlinear relationship between them [28].
Comparison of the results presented in Tables 3 and 5 shows that the general performance
of the proposed method is satisfactory. Table 5 shows that the proposed technique leads
to the supply current reduction, lower transmission losses, higher transmission efficiency,
and higher loads power factor than the non-compensated system parameters represented
in Table 3. In addition, it is clear that the total harmonic voltage distortion is intensely
diminished, satisfying the required OF and complying with the IEEE standard 519-1992.

According to the results, CTF implementation increases the PF and the DPF, and
decreases the voltage THD, thus avoiding the production of harmonic currents in the
network. As presented in Table 5, for the two scenarios of the compensated system, the
total harmonic distortion indices (THDV and THDI) measured at the PCC and load bus
are below the IEEE standard limit (5%). The TDD values are lower than the IEEE standard
constraint (15%) in all achieved results.

It can be seen that the CF1 and CF2 values provided by scenario 1 have fewer ampli-
tudes than obtained values in scenario 2; therefore, lower reactive power will be passed,
even though the filter’s resistor (R) and its inductive property (LF) provided by scenario
1 have lower amplitudes than the obtained results by the scenario 2. In addition, Table 5
shows the filter parameters that have been calculated based on the scenario 1.

According to these calculated parameters, a lower IS(pu) has been obtained than in
the other scenario. Besides, as represented in Table 5, the suggested filter design by scenario
1 results in higher TPF(%) and DPF(%) compared to the other scenario. In addition,
MLL(%) is superior to values that have been achieved by scenario 1.

As represented in Table 5, the filter parameters calculated by scenario 1 resulted in
lower harmonic distortion values than in scenario 2. This issue clarifies a lower harmonic
system component risk.

Moreover, the different harmonic amplitudes of current and also voltage, shown
in Figures 8 and 9 for IHDVPCC, IHDVL, and IHDI, are lower than the IEEE 519 limits
for every order of harmonics, which have been presented in Figure 6. As shown in
Figures 8 and 9, for both two scenarios, the IHDV and IHDI are below the IEEE stan-
dard limit. Moreover, these parameters for scenario 2 have higher values than scenario 1.
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This condition is due to the fact that some harmonic distortions were compensated by the
individual capacitor in scenario 1.

Energies 2022, 15, 1587 18 of 25 
 

 

For the uncompensated system, a negligible harmonic current can make very high 
voltage distortion, as displayed in Table 3, due to the nonlinear relationship between them 
[28]. Comparison of the results presented in Tables 3 and 5 shows that the general perfor-
mance of the proposed method is satisfactory. Table 5 shows that the proposed technique 
leads to the supply current reduction, lower transmission losses, higher transmission ef-
ficiency, and higher loads power factor than the non-compensated system parameters rep-
resented in Table 3. In addition, it is clear that the total harmonic voltage distortion is 
intensely diminished, satisfying the required OF and complying with the IEEE standard 
519-1992. 

According to the results, CTF implementation increases the PF and the DPF, and de-
creases the voltage THD, thus avoiding the production of harmonic currents in the net-
work. As presented in Table 5, for the two scenarios of the compensated system, the total 
harmonic distortion indices (THDV and THDI) measured at the PCC and load bus are 
below the IEEE standard limit (5%). The TDD values are lower than the IEEE standard 
constraint (15%) in all achieved results. 

It can be seen that the 1FC  and 2FC  values provided by scenario 1 have fewer 
amplitudes than obtained values in scenario 2; therefore, lower reactive power will be 
passed, even though the filter’s resistor (R) and its inductive property (LF) provided by 
scenario 1 have lower amplitudes than the obtained results by the scenario 2. In addition, 
Table 5 shows the filter parameters that have been calculated based on the scenario 1. 

According to these calculated parameters, a lower ( )SI pu  has been obtained than in 
the other scenario. Besides, as represented in Table 5, the suggested filter design by sce-
nario 1 results in higher (%)TPF  and (%)DPF  compared to the other scenario. In addi-
tion, (%)MLL  is superior to values that have been achieved by scenario 1. 

As represented in Table 5, the filter parameters calculated by scenario 1 resulted in 
lower harmonic distortion values than in scenario 2. This issue clarifies a lower harmonic 
system component risk. 

Moreover, the different harmonic amplitudes of current and also voltage, shown in 
Figures 8 and 9 for PCCIHDV , LIHDV , and IHDI , are lower than the IEEE 519 limits 
for every order of harmonics, which have been presented in Figure 6. As shown in Figures 
8 and 9, for both two scenarios, the IHDV and IHDI are below the IEEE standard limit. 
Moreover, these parameters for scenario 2 have higher values than scenario 1. This condi-
tion is due to the fact that some harmonic distortions were compensated by the individual 
capacitor in scenario 1. 

 
Figure 8. The individual harmonic voltage and current distortion values—scenario 1. 

To show the POF performance, the CTF parameters which have been optimized in 
this paper were compared with the results obtained from the OF in [29]. Both simulations 

Figure 8. The individual harmonic voltage and current distortion values—scenario 1.

Energies 2022, 15, 1587 19 of 25 
 

 

were done for scenario 1 and based on the AOA method. The obtained results are repre-
sented in Table 6. 

 
Figure 9. The individual harmonic voltage and current distortion values—scenario 2. 

Table 6. Comparison of the POF and the represented OF in [29], based on the AOA. 

 Proposed Objective  
Function (POF) 

Objective Function (OF) in 
[29] 

CF1(mF) 0.31189 0.3243 
CF2(µF) 94068 9506 
LF(mH) 1.27 1.165 

R(Ω) 3.2452 3.3091 
( )SI pu  0.7642 0.7732 
( )PCCV pu  0.9997 0.9989 

( )LV pu  0.9957 0.9949 
(%)TPF  98.56 97.96 
(%)DPF  99.96 98.99 
(% )LPF  92.63 91.85 
(% )HAPF  91.56 90.84 
(%)MLL  1.34 1.54 

(%)LTHDV  3.17 3.56 
(%)PCCTHDV  3.58 3.64 

(%)TDD  8.95 9.15 
(%)η  99.03 99.83 

It can be noticed that LP F  and HAPF  are improved from 91.85% to 92.63% and 
90.84 to 91.56, respectively. η  is increased from 99.03% to 99.83%. Furthermore, all two 
methods provide almost all the TDD  and THDV  values below the standard thresh-
old. For both OFs, the amount of harmonic voltage distortion, as well as the TDD , is less 
than the standard thresholds. In addition, the calculated SI  by the POF has a smaller 
amplitude than the proposed method in [29]. According to the results, the obtained values 
of CF1 and CF2 in the POF have lower values. This indicates that less reactive power must 
be injected into the system by the CTF. (%)TPF  and (%)DPF  for the POF have higher 
amplitudes rather than the function proposed in [29]. Calculated MLL  by the POF has 
been improved compared to the previous works due to the harmonic dependency of these 
parameters. Generally, the achieved results indicate an effective harmonics reduction in 
the studied system compared to the OF in [29]. 

Figure 9. The individual harmonic voltage and current distortion values—scenario 2.

To show the POF performance, the CTF parameters which have been optimized in this
paper were compared with the results obtained from the OF in [29]. Both simulations were
done for scenario 1 and based on the AOA method. The obtained results are represented in
Table 6.

It can be noticed that PFL and PFHA are improved from 91.85% to 92.63% and 90.84 to
91.56, respectively. η is increased from 99.03% to 99.83%. Furthermore, all two methods
provide almost all the TDD and THDV values below the standard threshold. For both OFs,
the amount of harmonic voltage distortion, as well as the TDD, is less than the standard
thresholds. In addition, the calculated IS by the POF has a smaller amplitude than the
proposed method in [29]. According to the results, the obtained values of CF1 and CF2 in
the POF have lower values. This indicates that less reactive power must be injected into the
system by the CTF. TPF(%) and DPF(%) for the POF have higher amplitudes rather than
the function proposed in [29]. Calculated MLL by the POF has been improved compared
to the previous works due to the harmonic dependency of these parameters. Generally, the
achieved results indicate an effective harmonics reduction in the studied system compared
to the OF in [29].

The comparison of the results shows that, based on the POF, the optimal solution is
achieved with a better power factor, higher transmission efficiency and lower losses in
Thevenin’s resistor. Additionally, the results proved that the proposed method has better
performance compared to the proposed method in [29], where all the resultant values of
THD are lower than for other investigated cases. Besides, Figure 10 shows the IHDVPCC,
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IHDVL, and IHDI, respectively which were calculated based on the proposed OF in [29]
by the AOA algorithm. As shown in Figure 10, the voltage and current distortion values of
the individual harmonic are well below the IEEE 519 limits for the individual harmonic
distortion limits, but by comparing Figures 8 and 10, it is obvious that the POF leads to the
lower individual harmonics amplitudes compared to the proposed OF in [29].

Table 6. Comparison of the POF and the represented OF in [29], based on the AOA.

Proposed Objective Function (POF) Objective Function (OF) in [29]

CF1(mF) 0.31189 0.3243

CF2(µF) 94068 9506

LF(mH) 1.27 1.165

R(Ω) 3.2452 3.3091

IS(pu) 0.7642 0.7732

VPCC(pu) 0.9997 0.9989

VL(pu) 0.9957 0.9949

TPF(%) 98.56 97.96

DPF(%) 99.96 98.99

PFL(%) 92.63 91.85

PFHA(%) 91.56 90.84

MLL(%) 1.34 1.54

THDVL(%) 3.17 3.56

THDVPCC(%) 3.58 3.64

TDD(%) 8.95 9.15

η(%) 99.03 99.83

In addition, to validate the proposed method, the obtained simulation results were
compared with the results and findings of [29]. All results were reported based on the
Harris Hawks algorithm, as tabulated in Table 7. As shown in Table 7, the achieved results
based on the proposed objective function in [29] are similar to the obtained results in this
reference. In addition, the proposed objective function has better performance compared
to the objective function in [29]. It can be noticed that PFL and PFHA are improved from
86.38% to 89.95% and 90.77 to 91.23, respectively. Furthermore, all two objective functions
provide almost all the TDD and THD values below the IEEE standard threshold.

The simplest type of harmonic passive filter is the 1st order filter which is comprised
of a capacitor in series with a resistor. The capacitor is used to provide capacitive reactance
for DPF correction, and the resistor provides the damping characteristic. The second order
filter is comprised of an inductor in parallel with a resistor R, and the resulted circuit is
in series with the capacitor. High power loss is the disadvantage of these two mentioned
filters, and basically, to get better harmonic filtering performance, the tuned filters with
further reduction of the fundamental power losses were implemented, which are named
the third order passive filter and the C-type passive third order filter, and operate as a
single-tuned filter at low frequencies below the tuning one; therefore, the fundamental loss
has been reduced. At high frequencies, above the tuning frequency, the filter will operate
as the 1st order harmonic passive filters. The C-type filter has no fundamental loss and is
below the tuning frequency, therefore it acts as the 2nd order filters. At high frequencies,
above the tuning frequency, the filter will operate in a similar manner to the first order
harmonic passive filters [37].

According to the above explanation, the performance of these two types of third
order harmonic filters will be compared for scenario 1. Table 8 shows the impact of the
designed filters using the AOA on the system performance. Besides, the uncompensated
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system results are included for comparison. By using the third order filter and C-type filters,
respectively, it can be noticed that PFL(%) is improved from 70.2339% to 91.85% and 92.63%,
and PFHA(%) is increased from 45.1853% to 92.63% and 91.56%. η(%) is increased from
94.75.7 to 99.83 and 99.03%, respectively. Furthermore, all three filters provide almost the
same THDV and TDD values below the standard thresholds. Lastly, with the employment
of third order and C-Type filters, IS(pu) is decreased from 0.9596 to 0.7732 and 0.7642,
respectively, and VL(pu) is increased from 0.9728 to 0.9949 and 0.9957, respectively. This
means that for the effective utilization of the lines, the C-type filter accomplishes improved
performance compared to another filter. Besides, the comparative analysis validates that
the C-type filter provides a higher power factor, system efficiency and transmission loss
improvement than the third order filter.
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Table 7. Comparison of the POF and the represented OF in [29] based on the Harris Hawks algorithm.

Proposed Objective Function Objective Function in [29]

CF1(mF) 0.332 0.39863

CF2(µF) 94218 9200

LF(mH) 1.174 1.1

R(Ω) 3.256 3.0754

IS(pu) 0.7003 0.7137

VPCC(pu) 0.9995 0.9994

VL(pu) 0.9955 0.9966

TPF(%) 98.55 98.58

DPF(%) 99.86 99.65

PFL(%) 89.95 86.38

PFHA(%) 91.23 90.77

MLL(%) 1.42 1.57

THDVL(%) 3.77 4.79

THDVPCC(%) 2.56 2.71

TDD(%) 9.04 10.21

Table 8. Impact on the designed filter on the system performance.

No Filter C-Type Filter Third Order Filter

IS(pu) 0.9596 0.7642 0.7732

VPCC(pu) 0.9927 0.9997 0.9989

VL(pu) 0.9728 0.9957 0.9949

TPF(%) 69.0024 98.56 97.96

DPF(%) 73.1726 99.96 98.99

PFL(%) 70.2339 92.63 91.85

PFHA(%) 45.1853 91.56 90.84

MLL(%) 4.4511 1.34 1.54

THDVL(%) 15.0626 3.17 3.56

THDVPCC(%) 4.1633 3.58 3.64

TDD(%) 23.7984 8.95 9.15

η(%) 94.75 99.83 99.03

5. Discussion

In this paper, mathematical modeling is proposed and explained using the Archimedes
optimization algorithm to optimize the C-type passive filter parameters based on the new
POF. In the POF, both losses of the transmission line and load bus are considered. The
findings are as follows:

• The POF optimizes the CTF parameters based on the normalized transmission line loss
and normalized loads bus losses, which includes fundamental and harmonic losses.

• The AOA is an effective optimization. Concerning convergence speed and the exploration–
exploitation equilibrium, it can solve complex problems. The proposed method is com-
pared with the results in the previous publication which was implemented in the Harris
Hawks optimization algorithm. The filter is designed to get the optimum solution satis-
fying the proposed individual objective for the harmonic power loss minimization while
considering the nonlinear loads, the voltage source harmonic, and current distortion. The
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qualified studies confirm that the proposed technique signifies a useful tool with better
precision and effectiveness of the developed algorithm to achieve the best solution from a
certain situation.

• The obtained results show that the implemented optimization algorithm can reduce
the total harmonic distortion according to the IEEE standard threshold.

• By using the CTF, it can be noticed that PFL(%) for scenario 1 and scenario 2 is
improved from 70.23% to 92.63%, and from 68.27% to 87.49%, respectively.

• By using the CTF, THDV and THDI have been improved compared to the uncom-
pensated system for both scenarios.

• Comparing results of the POF and the represented function in [29] shows that less
reactive power must be injected into the system by the proposed method. In addi-
tion, the network efficiency and TPF have increased 0.81% and 0.61%, respectively,
compared to the OF in [29].

• The comparative analysis validates that the C-type filter provides a higher power
factor, system efficiency and transmission loss improvement than the third order filter.
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