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Based on measurements of current harmonics that adversely affect power
quality in an industrial setting, and to ensure compliance with permissible
levels according to IEEE 519, this paper aims to compare the effectiveness
of conventional and optimized sizing of damped passive filter components to
reduce total harmonic distortion (THD) and improve the power factor (PF).
The optimization of passive filter element values relies on a powerful
metaheuristic  algorithm called teaching-learning-based optimization
(TLBO). Simulation results show that the THD of current and voltage reach
values of 17.34% and 8.61%, respectively, and decrease to very low values
after implementation of the damped passive filter in the optimal case using
the TLBO algorithm. The results also demonstrated a proportional
relationship between the harmonic currents in the load and the overall
increase in losses in the transformer. Optimizing the damped passive filter

TLBO reduced harmonic distortion, improved the PF, and limited energy losses,
thus confirming the superior ability of this algorithm to identify a very high-
efficiency solution.
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1. INTRODUCTION

Electricity distributors seek to provide high-quality electrical energy to customers in accordance
with applicable standards. However, electrical energy is subject to numerous disturbances during
transmission and distribution before reaching end users [1], [2]. These disturbances are generally related to
the physical and operational characteristics of electrical network equipment [3], [4]. Among them, harmonics
are considered one of the most significant power quality problems caused by the increasing use of non-linear
electrical loads [5]-[7]. Such loads distort current waveforms, producing undesirable effects including
overheating, malfunction, premature ageing of machinery and cables, and reduced network efficiency
[8]-[10].

Transformers are particularly sensitive to harmonic distortion. Harmonics increase iron-core losses,
including eddy-current and hysteresis losses, and may cause abnormal winding temperatures, thereby
reducing transformer efficiency and service life. The IEEE C57.110 standard provides guidance for
transformer operation under non-sinusoidal current conditions and highlights the potential derating of
transformer capacity caused by harmonics [11].
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Generally, to address the problem of harmonics in electrical installations, avoid their negative
repercussions, improve the power factor (PF), and reduce reactive power transmission, thus avoiding losses
and costs, and ensure the quality of electrical energy, numerous harmonic control methods are often used,
including those based on the use of filtering devices such as passive, active, and hybrid filters [8]-[10].
Passive filters, based on (RLC) components tuned to specific harmonic frequencies, are widely used because
they can simultaneously attenuate harmonics and compensate reactive power, thereby reducing losses and
voltage drops. Nevertheless, passive filters may suffer from resonance problems and limited compensation
capability [12]-[14]. Active filters constitute an alternative solution by generating compensating harmonic
currents to cancel network harmonics [15], [16], while hybrid filters combine passive and active techniques
to achieve a compromise between performance and cost [17]. Conventional passive filter sizing is generally
based on a simple sequential calculation using the load harmonic spectrum and source impedance [18]-[24].
Although this method can provide acceptable results [25]-[28], it remains approximate and cannot guarantee
optimal performance owing to network impedance variations and harmonic interactions. Continuous
theoretical and experimental investigations have improved the understanding of harmonic behaviour and
filtering techniques [29]-[31], contributing to the development of standards such as IEEE 519 and EN 50160,
which define acceptable harmonic distortion limits in electrical networks [32]-[36].

More recently, meta-heuristic optimization algorithms inspired by biological and social behaviours,
including genetic algorithms (GA), particle swarm optimization (PSO), and teaching-learning-based
optimization (TLBO), have been introduced to enhance harmonic filtering and power quality performance
[37]-[40]. Despite these advances, studies addressing harmonic mitigation through optimized passive and
active filtering strategies using meta-heuristic algorithms remain relatively limited [41]-[47].

Previous studies on passive filter optimization, based on single-objective or multi-objective
approaches, have primarily focused on electrical criteria such as THD, resonant impedance, reactive power,
or cost, without incorporating transformer losses, which are nevertheless crucial for energy efficiency and
thermal behavior. These limitations motivate our contribution, which is based on a passive filtering
optimization strategy aimed at simultaneously reducing harmonic distortion and improving the PF without
exacerbating resonance phenomena. The novelty of this study lies in the combination of an objective
analytical function, derived from the physical relationship of the PF in the presence of harmonics, which
simultaneously reduces overall harmonic distortion and corrects the PF; in addition to integrating the analysis
of the various losses in the electrical transformer, allowing for a more consistent optimization that accurately
reflects the system’s actual energy performance.

The objective of this study is to perform a comparative analysis, using numerical simulation, of a
conventional and an optimal design for a second-order parallel high-pass passive filter, based on the TLBO
optimization algorithm due to its excellent characteristics of flexibility, robustness, and ease of
implementation [46]-[48]. This analysis evaluates the filter’s effectiveness in mitigating harmonics generated
by a polluted load and compensating reactive power, while quantifying harmonic-induced iron and copper
losses in the distribution transformer using the IEEE C57.110 calculation method to ensure accurate loss
assessment under harmonic conditions. Measurements were conducted at an industrial maintenance site in the
Laghouat region of south-central Algeria using a Fluke 438-11 power quality analyser.

2. METHOD

The proposed methodology combines the study of harmonic disturbances and their effects on
electrical transformers, the analysis of harmonic filtering techniques, the modeling of an electrical circuit
polluted by nonlinear loads, and the application of an optimization technique to determine the optimal
parameters of the filter and improve the quality of the power.

2.1. Harmonic disturbance and its effect on electrical transformer

Power grids are mainly impacted by waveform distortions due to the presence of nonlinear loads
based on power electronics components, since the current they consume often deviates from the pure
sinusoidal shape [49], [50]. This means that voltage distortion is inevitable once current distortion occurs
[51]-[53]. The harmonic signal can be decomposed into a collection of sinusoidal signals, each of which has
two components: a sinusoidal signal with the fundamental frequency, and sinusoidal signals with a multiple
frequency of that of the fundamental component, which is the harmonic quantity. The usable harmonic filters
are classified into three main types depending on the harmonic source application: passive filter, active filter
and hybrid filter [50]-[53]. The presence of a signal containing harmonic disturbances is generally confirmed
using an indicator called total harmonic distortion (THD) and by consuming the distorting power by non-
linear loads. There are two types of THD: voltage THD (at the source) and current THD (due to the loads).
For the harmonic current; the THD is calculated as follows [50]-[53]:
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where, I, is the value of the current harmonics; I, is the value of the fundamental current component; k is the
harmonic order considered; n is the maximum rank of the harmonics considered. For the voltage, the THD is
expressed by [50]-[53]:

than
THDv _ h=2"h

)
1
where, V}, is the harmonic component of voltage; V; is the voltage of the fundamental component.
The PF is an indicator of the quality and efficiency of an electrical system; it is related to reactive
power consumption. In the presence of current and voltage harmonics, the PF decreases, and active and
reactive power are expressed as follows [50]-[53].

P = 222711 Vi I cos ¢, (3)
Q =XtV Iy sin g, (4)

The distortion power D, that makes it possible to take into account harmonics can be calculated by
the following relation [50]-[53]:

D=7 /ZZE’} I (®)

the PF is directly linked by the ratio between the active power B and the apparent power S;; it is expressed by
the relationship below [50]-[53]:

Py

PF="2t=
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where, PF,;, expresses the distortion factor; ¢, represents the phase shift between the fundamental current
and the voltage.

Due to reactive power, which can cause energy losses and PF degradation, the latter can be
improved to compensate for this reactive power by integrating capacitors into the electrical installation
[52]-[56]:

= PFyis % cos(¢,) (6)

Q. =Q,—Q, = P(tgp, — tgp,) @)

where, Q. is the reactive power that must be compensated.

The fundamental effect of harmonics on transformers is an increase in losses and, consequently,
machine heating. This effect manifests itself both as Joule losses and as additional losses, which can be
classified as load losses and no-load losses [57]-[59]. The IEEE C57.110 standard provides methods for
determining the additional heating of electrical equipment under the influence of harmonics [60]. No-load
losses are caused by hysteresis and eddy currents. Load losses due to harmonics are divided into two
categories: Joule losses in the copper of the transformer windings and additional losses due to eddy currents,
it can be determined by short-circuiting the windings at low voltage. The total losses P, can be calculated
using the following relationship [61]-[64]:

PtZPnl+Pll=1:3't+Pec+Pocl (8)

where, P, express the no-load losses; Py represent the load losses, P;, represents the total electric losses in
the windings; P,. are the eddy current losses in the windings; P, represent the other stray lossesin the
transformer components.

The total additional losses is corresponded to the sum of the eddy current losses in the windings and
the other stray losses in the transformer components, are calculated as follows [61]-[64].

Ptol:Pii_Pjt:Pec'i'Pocl 9)
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The Joule losses due to the fundamental and harmonic currents are given by the following formula
in the case of a resistive load [61]-[64]:

Pft =R, Z’Zi’f I/% (10)

where, R, is the winding resistanceof transformer; I, is the current at the harmonic rank h.
In the presence of harmonics, eddy current losses vary with the square of the current and the square
of the harmonic order. These losses can be written as follows [61]-[64]:

—n (In)?
Poc = Poc_r z;?(_h) ? (11)

IR

where, P,._, are the eddy current losses in the windings under nominal conditions.

Other stray losses in a transformer are also affected by the presence of current harmonics and are
generally proportional to the square of the current, with a harmonic PF not exceeding 0.8. They are written as
follows [61]-[64]:

—n (1) ?
Posi = Posi—r 2;111 (i) ho® (12)

where, P,,_, are the other stray losses in the conductive elements under nominal conditions

In order to be able to calculate the eddy current losses in the windings and the eddy current losses in
the conductive elements other than the windings, it is necessary to know these losses at 50 Hz. According to
IEEE C57.110, the nominal value of additional losses represents 67% of the total additional losses for oil-
immersed transformers and 33% for dry-type transformers. This American standard proposed specific
coefficients following laboratory work that allow for the estimation of both types of losses in the presence of
harmonics [61]-[64]. The K; factor determines the class of transformers capable of handling non-sinusoidal
loads without overheating. This factor is estimated by harmonic analysis of the load current and can be
calculated using the following relationship [61]-[64].

=n (In)?
Ke = Sz (1) #° (13)
The harmonic loss coefficient Fy, is represented as the ratio between the eddy current losses in the

transformer windings due to harmonics and these losses under normal operating conditions; it is expressed by
the following relation [61]-[64]:

2
Fy, — Pecoh _ h=n (’_h) h? (14)

Pec—r IR

where, P,._, represents the eddy current losses due to harmonics.
Similarly, the factor Fy,;_, for additional losses can be determined as follows [61]-[64]:

POC — = I 2 f
Fyoa = —ed=h LT (_h) no® (15)

Pocl-r IR
where, P,,_, represents the additional losses under harmonics.

2.2. Harmonic filtering techniques

A harmonic filter is a device that reduces harmonics in electrical installations to acceptable levels, as
detailed in IEEE Standard 519. This standard is one of the most widely used standards, as it recommends all
practices and requirements for controlling harmonics that distort voltage and current in electrical power and
specifies their permissible limits at the common coupling point (CCP). To minimize harmonics in electrical
network equipment, the most common and widely used filtering devices are divided into three categories:
passive filter, active filter, and hybrid filter [11]-[18].

The damped passive filter is frequently used because of its low impedance over a wide frequency
band, allowing it to simultaneously attenuate multiple harmonics. This filter offers better quality and greater
reliability; it is considered a more economical and relevant choice when filtering a wide range of harmonics
is required [35]. However, the filter’s resistance results in a power loss during operation at the fundamental
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frequency. Thanks to its unique filtering properties, this filter can address problems related to higher-order
harmonics [65]-[67]. The typical design of a passive filter aims to satisfy the reactive power required by the
harmonic source at the fundamental frequency, which determines the sizing of the electrical reactance’s of
the passive filter intended for installation on the main bus of the industrial system. The values of these
reactances are calculated using the following equations [68]-[70].

2

X = (16)

To trap the harmonic rank h,,, the inductive reactance of the filter must be equal to:

X, =4 17)

VES

the resistance of the filter is deduced from the quality factor Qg of the filter by the relation [35], [68]-[70]:

Ry = X1 X Xcr/Qr (18)

the quality factor Qg is a quantity that determines the bandwidth of the filter; it presents a measure of the
sharpness of the tuning frequency.

The reactive power required at the common connection point to change from one PF to another
improved factor is calculated according to the equation mentioned previously in (7) [71]-[73].

2.3. Modelling of polluted electrical circuit

The single-line diagram of the electrical circuit under study consists of two main parts: the high-
voltage source and the polluting electrical loads, which are directly connected to the common connection
point (PCC). The voltage source supplies a delta - star (A-Y) step-down power transformer. On the low-
voltage side is a nonlinear equivalent load, typically composed of three-phase asynchronous motors, office
supplies such as fluorescent lamps and computers, as well as heating and air conditioning equipment. The
single-phase equivalent circuit and its simplified representation are shown in Figure 1. This load is
considered the source of the unwanted harmonics, which must be attenuated.

In terms of modelling, the behaviour of this electrical circuit in the presence of harmonics can be
simulated by a nonlinear load with low internal impedance acting as a harmonic current generator, which is
absorbed by the transformer [74]. When these harmonic currents pass through the inductive impedance of the
transformer and the upstream source, they generate harmonic voltages [75], [76]; the circuit model can be
simplified as illustrated in Figure 1(a). To determine the fundamental parameters of the components
represented in Figure 1(b), circuit analysis theory can be applied to calculate the electrical quantities of the
nonlinear load and the transformer. For the nonlinear load, the resistance represents the active component and
the inductance the reactive component, which are calculated respectively as follows [74]-[76].

_v

Ri=2; (19)
_v

X =2 (20)

Where, P, represents the active power dissipated by the nonlinear load; @, defines the reactive power
consumed by the nonlinear load.

Harmonics are injected into the transformer due to the nonlinear load connected to its secondary
winding, thus reducing its overall efficiency. Consequently, the calculation of the main components of a
power transformer is based on its nominal parameters. The two-winding impedance is calculated from the
short-circuit voltage expressed as a percentage, while the resistance and reactance are calculated from the
transformer characteristics [74]-[76]. The equivalent transformer impedance is calculated using (21).

Zse \ U3
Zor = JRE + (@l 7 = (22) 2 (21)

Where, U,,is the secondary phase-to-phase voltage of the transformer; S, is the transformer’s apparent
power; Z,. is the short-circuit impedance of the transformer expressed as a percentage:
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Figure 1. Single-phase equivalent circuit diagram of electrical system; (a) modelling of electrical circuit
components and (b) simplified single-phase representation

Power transformer ratio X,/ Ry is required to determine the fundamental resistance and reactance
values of the transformer. In power distribution, reactance is generally much higher than resistance [74]-[76].

The upstream supply impedance is calculated in the same way as before, from the typical values
given, in particular the short-circuit impedance and the reactance/resistance ratio X,/ Ry, it is given by the
formula below [74]-[76]:

2
Zg, = JRE + WLy = (25) & (22)

Indeed, the harmonic voltages across the considered load, on the low-voltage side of the
transformer, and across the power supply are generally calculated using the following relationship [74]-[76]:

Vi =1,Zg +Zy) (23)

To measure the effect of harmonics on equipment connected to the electrical network through the
THD of voltage and current, according to IEEE Standard 519-2014, it was necessary to determine the
different ranges of voltage applied to the busbar and the short-circuit ratio at the point of common coupling
(PCC). Generally, with a THD voltage below 5%, there is no problem. Between 5 and 7%, sensitive devices
risk malfunctioning. Between 7 and 9%, it is the so-called normal devices that can malfunction. Finally,
beyond 9%, almost all equipment risks malfunctioning or even being destroyed in the short, medium or long
term [35], [70]-[75]. According to IEEE Standard 519-2014, if the voltage applied to the busbar is between 1
kV and 69 kV, the maximum permissible THD voltage is 5%. Regarding the permissible limit of the THD of
the current, the short circuit ratio can be calculated using the following relationship [35], [71]-[76]:

SCR = = (24)

Imax

where, I, is the maximum short circuit current at PCC; I,,.,, is the maximum demand load current at PCC.
The values of these currents can be identified respectively as follows [35], [71]-[76]:

1000Ssc
lse = "Fue (@)
St
‘/EUmeax (26)

where, S, is the short-circuit apparent power; S, is the transformer rating power.
The three phase short circuit capacity and the line voltage are expressed in megavolt-amperes
(MVA) and kilovolts (kV), respectively.
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From a calculation perspective, the total demand distortion (TDD) criterion can be added as an
important indicator used to assess the quality of electrical power, particularly with regard to the effect of
harmonics according to IEEE 519 standards. It is determined by the following relationship [77]:

h=n ;2
Zi=z lj

TDD =

(@7)

Imax

2.4, Application of an optimization algorithm

In this subsection, the TLBO optimization algorithm is used to determine the optimal parameters of
the passive harmonic filter from an objective function subject to technical constraints. An economic analysis
is also performed to evaluate the overall cost of the resulting solution.

2.4.1. Teaching learning-based optimization (TLBO)

TLBO is a new global meta-heuristic optimization method originally developed by Rao et al in
2014. It is an algorithm inspired by the teaching-learning process and is based on the effect of a teacher’s
influence on the output of students in a class [46]. The algorithm describes two basic modes of learning:
through the teacher, known as the teacher phase, and through interaction with other students, known as the
learner phase. First, the boundary ranges of all decision variables subject to optimization are defined based on
technical justifications related to the characteristics of the considered system and its operating requirements.
Thus, an initial set of solutions is randomly generated within the search space bounded by the minimum and
maximum values of each decision variable. This initialization process is performed using the following
equation [75]-[79].

Xi,j = Xl], minj'max X (28)

jmin
Where, r;is a random number from the uniform distribution, it belongs to the interval [0, 1]; X; .., and
X min are the minimum and maximum values of the design variables.

In the teacher phase, within the class, each learner X; learns from the best learner Xr; identified in

the population, the difference between the teacher’s result for each subject and the existing average result for
each subject is given by [75]-[79]:

Diffi = ri(Xr; — Tr X My) (29)

where, M; is the average of all students in the class; Ty is the teaching factor, which is equal to 1 or 2, it
serves to underline the importance of the average quality of learners h™ean,

Through the mechanisms of teaching and knowledge transfer to learners, the difference is updated in
the teacher’s phase according to the following relationship [75]-[79]:

Xii = Xy + Dif f; (30)

where, X, ; defines the updated value of X, ;. If X, ; is a more distinctive solution than X, ; then it succeeds it,
otherwise it will be ignored.
In the learning phase, the learning process by social interaction between two students, A and B, at
each exam (i) for minimization is given as follows [75]-[79]:
¥ = {X/;J +1;(Xa; = Xp )if Xay > X)) (31)
A Xpi +1i(Xp; — X0 )if Xp; > Xy0)

where, X; ; and X ; are the updated function values; X is accepted if it obtains the best function value.

A learner population size of 20 is adopted, with a maximum of 100 iterations. The iterative process
continues until the algorithm’s stopping criterion is met by reaching the predetermined maximum number of
iterations.

It is important to emphasize that the basic Teaching—Learning Based Optimization (TLBO)
algorithm updates solutions through both the teaching and learning phases without requiring algorithm-
specific control parameters. Unlike many other population-based metaheuristic algorithms, which rely on
several tuning parameters that strongly influence convergence behavior and may lead to premature
convergence or suboptimal solutions, TLBO operates in a parameter-free manner. Only common settings
such as population size and maximum number of iterations are required. This eliminates parameter tuning
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effort, reduces user bias, and simplifies implementation. Consequently, TLBO offers lower algorithmic
complexity, robust convergence behavior, and efficient performance for continuous and nonlinear
optimization problems, making it particularly suitable for engineering applications requiring computational
efficiency and deterministic behavior under practical constraints [80]-[83]. The pseudo-code of the basic
TLBO algorithm is described in Table 1 [83]-[85].

Table 1. Pseudo-Code of the TLBO algorithm
Pseudo-Code of the TLBO algorithm
1: Initialize the algorithm parameters, population size, number of decision variables,
maximum number of iterations and objective function.
2: Randomly generate an initial population by assigning random values to variables
representing ratings (x; y)-
3: Evaluate the objective function for populations in the exam.
4: Select the population with the best grade as a teacher and calculate Dif f; for exam,
according to (29), by utilizing the teaching factor T.
5: Calculate X;; for all populations in the exam, according to (30), compare the two solutions
X, and X, ; ,Accept the best solution for transferring to the next step.
6: Randomly select each pair of learners and update the solution according to (31) and accept
the best one for the next step.
7: Evaluate the objective function for all learners, check if the stopping criterion is satisfied,;
otherwise, the algorithm will iterate from step (4).

2.4.2. Objective function and optimization constraints

To reduce the THDi of the current and voltage, and to compensate for reactive power by improving
the PF, the objective function is to optimize the impedance elements of the passive filter. The overall PF of
an electrical system is significantly affected by harmonic distortion, which necessitates its correction.
Therefore, the objective function targets the dominant harmonic currents because the voltage is less affected
by harmonics due to the low impedance of the transformer and the network source. The objective function
adopted by the optimization algorithm for the minimization procedure aimed at selecting the parameters for
better passive filter performance is given by the following formulation:

_ [ _costen
0F, = |1 (_H(mi)z) (32)

where; THD,; is the THD rate of current; ¢, represents the phase angle between between fundamental voltage
and current; cos(¢,) is the displacement PF (fundamental).

It should be noted that this objective function formulation constitutes an integrated mathematical
approach rarely used in the optimization of damped passive filters. It establishes a direct correlation between
power quality and PF, defining a compromise between the THD, the displacement factor, and the overall PF.

This demonstrates that the objective function evaluates not only the fundamental phase shift but also
the harmonic degradation of the network. Thus, the optimization aims to simultaneously achieve extremely
low harmonic distortion and a high- PF, guaranteeing an overall and physically consistent improvement in
power quality in industrial networks. The set of variables representing the parameters of the passive filter to
be optimized is as follows [86].

X = [Rf’Lf’ Cf'Qf'hn] (33)

To ensure the technical feasibility and compliance of the solutions with the sizing constraints of the
passive filter, the variables are bounded by (34).

Xmaxp,in (34)
The optimization problem constraints are defined according to IEEE 519 standard and CCP power
quality requirements and must be checked during the optimization process to ensure effective reduction of

current and voltage harmonics and PF improvement, as shown in (35).

THD, < THD ymax)
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THD; < THDjpmax)
TDD < TDDmaz)
095 <cos(p,) <1 (35)

In accordance with IEEE 519, optimization constraints require that THDv, THDi, and TDD remain
below the permissible limits of the PCC. The TDD is determined based on the SCR ratio and is considered
the main indicator of compliance with harmonic current standards.

2.4.3. Economic analysis of the passive harmonic filter

The economic feasibility study of the proposed passive harmonic filter is a crucial step in assessing
its practical viability in industrial electrical systems. Beyond improving power quality and reducing harmonic
distortion, the filter design must be economically viable. To this end, the total cost of the filter can be
estimated from the cost of its main passive components, namely capacitors, inductors, and resistors. This
assessment determines the compatibility of the achieved technical performance with the implementation cost,
thus providing an essential criterion for deciding whether to adopt the proposed filter in practical applications
[871-[92]. The total cost of a passive harmonic filter can be calculated based on its basic components using
the technical and economic function described below [93]:

CF=CC+CL+CR+CE (36)

where; C. is the capacitor cost; C;, is the inductor cost, Cy iS the resistor cost and Cg represents the cost
associated with the energy losses during the filter lifetime.
This relationship can be written in the following form [93], [94].

Cr=(KcXQc) + (K, X Q)+ (Kg X P) + (i (37)

Where; K is the unit cost of the capacitor expressed in Algerian Dinars (AD/Mvar); Q. represents the total
capacitive reactive power as a function of the size of the passive filter in (Mvar); K, is the unit cost of the
inductor expressed in (AD/Mvar); Q;, constitutes the overall inductive reactive power as a function of the size
of the passive filter in (Mvar); Ky is the unit energy cost of losses in the resistor (AD/MW); Py is the active
losses in the resistance of the passive filter in (MW).

On the other hand, the cost of energy losses can be determined in the national currency using the
following relationship [93]:

Ce = Kee () [51 + 2] (38)

where; Sy, is the reactive power of the filter arm at harmonic order h (Mvar); V; is the fundamental phase-to-
neutral voltage (kV); I,, represents the harmonic current of order h (A); h corresponds to the harmonic order.

It should be noted that the parameter Kg. represents a discounted economic factor calculated from
the following data: Ny, represents the number of days in a year; Ny, expresses the number of hours in one
day; the cost of energy losses C. (AD/kWh); n, is the lifespan of the passive filter in (years); the interest rate
i, which is expressed as a percentage (%); the utilization factor U; and the specific losses of the capacitor P,
(KW/MVA) [93].

A+ip)™-1
Kge = P X NjourNagy X Up X Co X (l—) (39)

ir(1+ip)™

The parameter values and average cost in national currency shown in the Table 2 can be used to
calculate the total cost before and after the optimization process. To analyse the effect of harmonic current
distortion, harmonic distortion measurements were performed using a Fluke 438-11 power analyser directly
connected to the low-voltage output of a distribution transformer, as described in Figure 2. The study focuses
primarily on the first phase, assuming a balanced three-phase distribution. The harmonic spectrum diagram in
Figure 3 shows the harmonic current distribution up to the seventeenth harmonic of an IMEFY 1250 kVA,
30/0.4 kVA power transformer, measured on November 11, 2025, at 10:28 AM. In addition, a Socomec
multifunction measuring device (DIRIS A20) is used to monitor current, voltage, active, reactive and
apparent powers, frequency and PF for LV network. The electrical measurement data from DIRIS A-20
multifunction meters, for the electrical quantities of equivalent nonlinear load, are presented in Table 3.
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Table 2. Values of the coefficients and average unit costs according to the Algerian tariff

Parameter Average value
K¢ (AD/Mvar) 15000
K, (AD/Mvar) 80000

Kr (AD/KW) 2200
P, (kW/Mvar) 0,4
Nhour (Hours) 24
Ngay (Days) 365
C. (AD/kWh) 55
ir (%) 5
n; (Years) 15
Ug 1

Non-linear load

TR L R,
Busbar <
@ Damped Passive filter
1250 kVA
6.11 %

30/ 0.4 kV

f

LfﬂRf
"I

Figure 2. Schematic representation of industrial installation studied with the implementation of passive filter
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Figure 3. Spectrogram of harmonic currents created by nonlinear load

Table 3. Values of measured electrical quantities for non-linear load

Electrical quantities Measured values
Rated voltage 230V
Active power consumption 41.53 kW
Absorbed current 1712 A
PF 0.78
Current frequency 50 Hz

3. RESULTS AND DISCUSSION
The first step consists of determining the THD of the current (due to loads) and voltage (at the

source), and then sizing the damped passive filter in a conventional manner, by calculating its impedance
components based on the capacitive reactive power required to improve the PF to the target value of 0.96,
and thus evaluating the effectiveness of the passive filter in attenuating harmonic disturbances.
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To analyze the impact of harmonics on the electrical network, Figure 4 represents the evolution of
the THD rate in current and voltage as a function of the increasing order of harmonics. These results show
that the current absorbed by the load is highly polluted: with a current THD of 17.34 %, the THD in voltage
reaches 8.61 %, which is generally unacceptable on the electrical grid in terms of current, as it may lead to
electrical devices being at risk of malfunction.

As shown in Figure 5, increasing the PF from 0.78 to 0.96 involves the introduction of capacitive
energy, provided that it balances the active power. This figure indicates that the relationship between reactive
power compensation and PF correction is approximately linear. The reactive power supplied by the
compensation capacitor was 21.21 kVAR, so the new value becomes 12.11 kVAR instead of 33.32 kVAR,
and the PF has been increased to improve the efficiency and stability of the electrical network and reduce
energy losses.

©

" [l THD Current
I THD Voltage

X:0.781 = Reactive power supplied by filter
301 v:33.32 s Before compensation
=== After compensation

o
T

o~
T

251

N
T

20 [

o
T

Total harmonic distortion THD (%)
Reactive power compensation [KVAR]

X:0.96
Y:21.21
8 15 F
6 |
10 X:0.96
4l Y:12.11
2t 51
0 ‘ ‘ . .
3 5 7 9 1" 13 15 17 0.8 0.85 0.9 0.95 1
Harmonic orders Power factor correction
Figure 4. Determination of THD rate of current and Figure 5. PF improvement by reactive power

voltage compensation

Figure 6 illustrates the passive filter sizing procedure for determining the values of the basic
electrical components of the RLC as a function of the harmonic order to be eliminated and the reactive power
required for compensation, using several quality factor values. Based on the current harmonic distortion rate
indicated earlier, the 5th harmonic is the dominant harmonic of the nonlinear load. The passive filter is
therefore tuned to a harmonic order close to the dominant harmonic to be eliminated. Consequently,
the passive filter is designed according to the typical values shown in this figure, with a quality factor of 5,
which is commonly used because it offers a good compromise between filtering efficiency and resonance
damping.

Figure 7 tracks the harmonic spectrum of the source current before and after filtering. It can be seen
that the harmonic spectrum value decreased significantly after the passive filtering process in all harmonic
orders, particularly in the order in which the filter was tuned.

A traditionally sized damped passive filter can significantly improve power quality. Current THDi
decreases from 17.34% to 6.67%, a reduction rate of 61.53%, while voltage total harmonic distortion (THDv)
decreases from 8.61% to 3.18% (a reduction rate of 63.02%). Similarly, total demand harmonic distortion
(TDD) is reduced from 2.05% to 0.80% (a reduction rate of 61.21. According to IEEE 519, the short-circuit
ratio (SCR) is estimated at 19.4, and the maximum permissible TDD at the CCP is 5%. The TDD value
obtained, 0.64%, is therefore well below this limit. Furthermore, the post-filtering THDi value of 6.67%,
compared to 17.34% before compensation, confirms a substantial reduction in harmonic currents. Similarly,
the THDv value of 3.18% meets the recommended threshold of 5%. While THDi is an excellent indicator for
monitoring the distortion specific to individual equipment at a given moment, TDD is the only standard
measurement required by IEEE 519 to verify the overall compliance of an installation. In general, these
results demonstrate the relative effectiveness of the passive filter in reducing harmonic pollution and
improving overall power quality, while meeting the requirements of IEEE 519.
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Figure 7. Harmonic spectrum of the current
resulting from the network

Figures 8 and 9 depict the ability of the damped passive filter to reduce THD in current and voltage
to prevent faults and improve energy efficiency. A significant reduction in THD in both current and voltage
is observed, reaching extremely low amplitudes after filtering, without affecting the proper functioning of the
electric grid. This demonstrates the relative performance of the filter designed to reduce overall harmonic
distortion.

Figure 10 demonstrates the time evolution of the harmonic current trapped by a second-order
damped passive filter, connected to the harmonic rank to be filtered (fifth order) and in parallel with the
polluted load. The variation in the amplitude of the total trapped harmonic current, between reduction and
increase, is due to the damping of the passive filter, which acts to adequately reduce the harmonic distortion
of the electrical installation by absorbing it and diverting it to ground, thus preventing its propagation to the
rest of the electrical network.
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Figure 8. Harmonic current curves before and after
passive filtering
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Figure 9. Harmonic voltage curves before and after
passive filtering

The second step involves determining the optimal values for the elements that govern the
performance of the passive filter. Therefore, a fair comparison was conducted of the performance of some of
the most commonly used optimization techniques to obtain the best possible result for the estimated target
values of the various parameters that affect the THD of the current. To solve the constrained optimization
problem, the search areas for the variables to be optimized were defined using the objective function
minimization process described in (32). These algorithms were programmed in the MATLAB (R2016b)
environment on a Windows 11 operating system with an Intel(R) Core(TM) i5-1335U processor at 1.3 GHz
and 16 GB of RAM.
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Figure 10. Fifth-order harmonic current trapped by damped passive filter

To ensure a fair comparison, the experiments for each algorithm were repeated ten times, with a
maximum of 100 iterations. Table 4 presents the values of the parameter settings that adjust the comparative
optimization algorithms, as well as the search spaces of the passive filter variables to be optimized.

The variations in the objective function values obtained using the proposed optimization algorithms
are illustrated in Figure 11. This figure illustrates the evolution of the objective function used to determine
the optimal parameters of the passive filter as a function of the number of iterations of the different
algorithms. The optimization process, aimed at deciding these values, relies on search regions defined for all
variables, the objective of which is to minimize the THDi of the current caused by the polluting load. This
figure clearly highlights that the values of the objective function decrease continuously as the number of
iterations increases, and that once optimal values are obtained; they remain stable until the end of the
proposed iterations. It is worth noting that the TLBO algorithm obtained the lowest target function value,
indicating its accuracy and robustness compared to other algorithms.

Table 4. Parameter settings of proposed algorithms and search limits for passive filter variables

Algorithms

Parameters setting

TLBO
Artificial bee colony (ABC)
Differential evolution (DE)
Grasshopper optimization algorithm (GOA)

Grey wolf optimizer (GWO)

PSO

GA

Limits of passive filter variable search

Npop=20
Npop=20; L=10; No-looker=20.
Npop=20; F= 0.6; CR=0.95.

Npop=20; F = 0.5; L=1.5; Cpnax = 1; Cpin = 0.00001.
Npop=20 ,coef € [0; 2],r] and 12 € [0; 1].
Npop=20,¢1=2, ¢,=2, w=0.9.
Npop=20,P»=0.2, Pc=0.4.

Resistance (Q) 0.01-5
Inductance (H) 2e-03- 1e-02
Capacitance (F) 1le-06- 1e-02
Target harmonic order 3-17
Quality factor 5-30
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Figure 11. Variation of objective function with iterations number for different proposed algorithms
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To assert the choice of this algorithm, a statistical evaluation of the results is performed using a
multi-criteria decision, which included best, worst, and mean, the standard deviation of the objective function
extracted from several executions, in addition to the generation and speed convergence, and the rank mean
based on the Friedman test. This calculation of a certain numbers of performance indicators allows us to
assess the quality of the solutions, as well as the robustness and stability of the algorithms being compared.
Furthermore, the Friedman nonparametric test is applied to establish an overall ranking of the algorithms
considered. Table 5 summarizes the calculation results obtained for all the algorithms considered.

Based on the performance of the different algorithms in terms of solution quality, robustness, and
convergence presented in Table 5, and in order to establish a comprehensive and statistically objective
comparison, the final ranking was determined using the Friedman index, where the lowest value corresponds
to the best overall performance. The results show that TLBO achieves the highest Friedman index, followed
by DE and PSO (3.99). Although DE exhibits the fastest convergence, TLBO provides the best performance
values and maintains the highest overall ranking. In summary, the proposed TLBO algorithm achieved good
results and provided more accurate data for most criteria; it can therefore be considered the most efficient and
appropriate solution to the posed problem.

As a consequence, the comparison reveals that the TLBO algorithm is efficient and performs
exceptionally well, making it a promising solution for optimizing the characteristic elements of the damped
passive filter. The results of the impedance optimization of the passive filter components, composed of
resistance (R), inductance (L), and capacitance (C), are shown in Figure 12. It appears that this algorithm
converges quickly and accurately by varying all the variable values within the defined search space, until
optimal values are reached after a certain number of iterations.

Furthermore, Figure 13 illustrates the result of optimizing the quality factor and target harmonic
order to be trapped using the damped passive filter. After several iterations, the algorithm quickly converges
to these optimal values within the defined search range. The harmonic rank value represents the maximum
possible value, even if it is not the highest. This means that a high harmonic rank is extremely detrimental to
power quality, even if its amplitude is small. This also avoids the filter’s resonance problem with low-order
harmonics.

Table 5. Statistical analysis of performance and Friedman ranking of compared optimization algorithms

Algorithms  Best Worst Average Standard deviation (SD)  Iter-Conv ~ Conv-speed  Mean rank
TLBO 0.7860 0.86 0.7997454 0.0266626 69 0.001072464 1.65
ABC 0.799 0.855 0.81581 0.0176249909 77 0.000727273 5.05

DE 0.7886 0.864174  0.799990187 0.02162481264 25 0.003024437 2.715
GOA 0.7900 0.87 0.8180 0.0184089350 91 0.000879121 5.64
GWO 0.7886 0.891529  0.81743831 0.02964855984 58 0.001775268 4.76
PSO 0.7959 0.85 0.807866 0.01771653464 54 0.001003704 3.99

GA 0.7890 0.878854  0.8152780 0.03770744835 35 0.0025797 4.195
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Figure 12. Convergence of optimal components Figure 13. Convergence of optimal quality factor
of passive filter’s impedance with iterations number and tuned harmonic order values of passive filter

with iterations number

Figure 14 illustrates the effect of a damped passive filter, whose parameters have been optimized by
the algorithm, on the time evolution of the current Figure 14(a) and voltage Figure 14(b) applied to the
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nonlinear load. This effect highlights the perfect superposition of the current and voltage waveforms before
and after the improved passive filtering, thus demonstrating that the final waveforms of both quantities are
perfectly sinusoidal. This confirms the complete absorption of harmonics in the load current and source
voltage.

=== Fundamental current 300 F I I I I I = Source voltage
200 w== Total harmonic current = Total harmonic voltage
== = Filtered current

AAND 7

0 0.01 0.02 0.03 0.04 0.05

== = Filtered voltage

15

S

10

S

5

=]

o

Current amplitude (A)
Voltage amplitude (V)

-5

o

-101

S}

-15

=]

I I I I I I | I

9 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Time (s) Time (s)
(@) (b)

Figure 14. Fundamental quantity curves without and with harmonics after optimized passive filtering
(a) fundamental current curves and (b) fundamental voltage curves

Figure 15 illustrates the practical effect of the damped passive filter, showing the THD values of the
current and voltage before and after the application of ordinary and optimized passive filtering. Based on the
harmonic distortion analysis, the improved passive filtering ensures very low THD values for both current
and voltage: 0.67% and 0.26%, respectively. These values are considered quite acceptable and do not
significantly affect the proper functioning of the electrical network.

To verify the results of the harmonic distortion reduction parameters obtained through the
application of the passive harmonic filter in accordance with the IEEE 519 standard, Table 6 is included,
which provides a summary explicitly comparing all harmonic distortion values (before and after conventional
and optimized filtering).

T T
18 - THDc=17.34% I Before passive filtering

I After traditional passive filtering
[ After optimized passive filtering

THDv=8.61%

THDc=6.67%

THDv=3.18%

Total harmonic distortion THD (%)

THDc=0.67%

THDv=0.26%

1 2
THD before and after passive filtering

Figure 15. Determination of THD rate of current and voltage before and after optimized filtering

Table 6. Comparison of resulting THD and PF values

Parameter IEEE-Std limit  Before filtering  After conventional filtering  After optimal filtering
THD current (%) 4 17.34 6.67 0.67
THD voltage (%) 5 8.61 3.18 0.26
TDD (%) 5 2.05 0.8 0.08
PF / 0.78 0.96 0.978
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In general, comparing costs before and after optimization enables to evaluate the compromise
between the achieved filtering performance and the required investment, while also highlighting the
practical aspects of implementing the optimal solution, both technically and economically. Figure 16
summarizes this comparison of total costs and shows that optimization significantly reduces the overall
filter cost by approximately 49.24%. This reduction is primarily due to the decrease in capacitive reactive
power requirements and the improvement in the dimensions of the main components of the passive filter.
This result demonstrates the effectiveness of the proposed optimization procedure for designing a more
economical filter while maintaining the required harmonic attenuation performance.

Given that the optimized passive filter is designed for specific operating conditions, its performance
may be affected by variations in the industrial load. Sudden load changes can cause immediate variations in
the current drawn from the electrical grid, thereby influencing the filter’s harmonic mitigation capability.
Figure 17 illustrates the evolution of the THDi as a function of load level. As can be observed, THDi
increases progressively as the load deviates from its nominal operating condition. The passive filter achieves
its best harmonic attenuation performance when operating close to the nominal load for which it was
designed.

108 2

T
I Before optimization
I After optimization

251

i

Total cost (AD)
P
Total harmonic distortion THD . (%)

0.5

0 20 40 60 80 100 120 140 160 180 200
Load variation rate (%)

1 2
Cost calculation cases

Figure 16. Comparing the average total cost of a Figure 17. Sensitivity of passive filter to dynamic
passive filter before and after the optimization variation in industrial load
process

To quantify losses due to harmonic currents, it can be based mainly on the electrical parameters
of the transformer. These include the equivalent resistance of the primary and secondary windings,
the secondary current, hysterical losses and eddy current losses, as well as the nominal copper losses
and the parameters initially developed to evaluate the effect of harmonic heating of the current in
transformers.

Figure 18 illustrates the evolution of total losses in the distribution transformer as a function of the
current absorbed by the nonlinear load before and after filtering. Initially, the losses increase gradually and
slowly with increasing harmonic currents emitted by the pollutant load. As the number of harmonics in the
current spectrum increases, and the THDi in current increases, the losses increase sharply, particularly with
increasing current through the nonlinear load. It should be noted that the THD value of the current, which
amounts to 17.34%, leads to a significant increase in losses resulting from the displacement of harmonic
currents.

The difference between the total harmonic loss and the calculated loss from the fundamental
harmonic reflects the effect of the non-sinusoidal currents flowing in the transformer windings on the total
loss, as there is a proportional relationship between the total loss and the ratio of the THD of the current, in
addition to an important factor which is the load rate according to the condition in which the harmonic
measurements were taken. After ordinary filtering, the loss decreases significantly as the number of
harmonics in the current spectrum increases and the total THDi in current decreases, after optimized filtering,
the loss decreases even further. That is, it can be concluded that the increase in loss is directly related to the
increase in the amount of absorbed current. It is important to note that a significant increase in loss,
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especially under heavy load rates, can reduce the transformer’s lifespan and significantly impact the
efficiency of the electrical grid.

As shown in Figure 19, the improved capacitor capacitance value of the passive filter allows
increasing the PF from 0.78 to 0.978 and compensating reactive power with a value of 24.46 kVAR. The
adopted TLBO algorithm has proven its high efficiency and reliability in selecting the optimal design values
for the passive filter, in terms of robust filtration and good compensation of reactive power.

Finally, the results clearly confirm that the TLBO optimization strategy adopted is the most
effective in achieving a relatively optimal solution, as it allows for the almost complete elimination of
harmonic distortion in the electrical network, which has a positive impact on maintaining equipment lifespan,
improving power quality and increasing efficiency.
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4.  CONCLUSION

The phenomenon of harmonic pollution in electrical grid is becoming a major concern with the
increasing use of non-linear loads. It distorts the source current shape and generates dangerous harmonic
voltage, increasing energy losses and degrading electrical power quality. To overcome the harmonic
pollution problem, it is essential to apply well-adapted solutions using passive, active, or even hybrid filters.
In this paper, a damped passive filter is used to suppress harmonics through a design based on analytical
calculations and optimal sizing based on the TLBO meta-heuristic optimization algorithm. According to the
simulation results, before applying the filter, the THD of the current was approximately 17.34%, and for the
voltage, it was 8.61%. After applying the ordinary filter, the THD of the current decreased to 6.67%.
Similarly, the THD value for the voltage was reduced to 3.18%. The results also showed that the passive
filter designed using the TLBO algorithm absorbed all the harmonics considered, and the THD of the current
and voltage has decreased considerably, to the point of now reaching values that can be considered
negligible. The effect of harmonics in transformers primarily leads to increased energy loss, resulting in a rise
in operating temperature and consequently, overheating. Since equipment lifespan is directly related to
operating temperature, the presence of harmonics will ultimately reduce the actual service life of the
transformer. Therefore, monitoring the THD of the current is recommended in electrical grids using
transformers. Finally, it can be concluded that the use of TLBO algorithm improved the filtering performance
and compensation characteristics of the passive filter and significantly reduced the overall harmonic
distortion ratio of current and voltage, as well as the costs of the passive filtering components and the energy
loss cost. This highlights the robustness and reliability of the proposed algorithm.
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