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Abstract

This paper introduces an optimal design of the hybrid active filter combining a single-tuned passive filter and an active filter
to cost-effectively improve the permissible loading capacity of power transformers operating in harmonic-rich systems. The
proposed design method aims to minimize the harmonic loss factor (Fyy), the filter’s investment cost, and the fundamental
frequency loss in the active filter part. Its constraints include the individual and total harmonic distortion limitations specified
by the IEEE standard 519, the desired displacement power factor interval, and the passive filter’s quality factor range. To
evaluate the performance of the proposed optimal design, particle swarm optimization and genetic algorithm methods are
applied to two harmonic distortion scenarios within an industrial two-bus distribution system. Simulation results show that the
proposed filter design significantly reduces harmonic distortions and the Fyr index, improving transformer loading capacity
by rates of up to approximately 168%. In addition to that, the parametric analyses obtained in the Matlab/Simulink environment

confirm the robustness of the design across varying loading and short-circuit impedance conditions.

Keywords Distorted systems - Hybrid active filters - Loading capacity - Optimal sizing - Power transformers

1 Introduction

The voltages and/or currents that deviate from sinusoidal
waveforms are one of the major power quality problems
in alternating current power systems. By expanding the
non-sinusoidal waveforms into Fourier series, they can be
expressed as a sum of sinusoidal components at frequencies
that are multiples of the fundamental frequency. Each of the
sinusoidal components is called a harmonic. Therefore, the
non-sinusoidal voltages and currents are referred to as har-
monically distorted voltages and currents in the literature [1].

Modern electric power networks increasingly feature
renewable-based distributed generation units, such as wind
turbines and photovoltaic power plants, alongside various
nonlinear loads, including motor drives and computers.
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These power electronic circuit-based systems inherently dis-
tort voltage and current waveforms due to their nonlinear
characteristics [2]. Harmonics adversely affect electrical net-
works and their components, leading to poor power factor,
reduced efficiency, additional energy losses, lower permissi-
ble loading capacity, and shorter equipment lifespans [1].

It is well known in the literature that simple compen-
sation capacitors can draw significantly distorted current
harmonics in the harmonically distorted systems, thus wors-
ening the voltage and current harmonic distortion in the
system. As a result, to improve power factor and harmonic
distortion in the distorted systems, passive and active fil-
ters are employed. Passive filters are cost-effective and
simpler to install, whereas active filters provide superior
harmonic mitigation performance. Hence, the hybrid active
harmonic filters—which consist of passive and active filter-
s—are chosen to provide cost-effective harmonic mitigation,
particularly in high-power applications [3, 4]. Hybrid active
harmonic filters have three main classes. These are a series
active filter combined with a shunt passive filter, a shunt
active filter combined with a shunt passive filter, and an active
filter in series with a shunt passive filter [4, 5].
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There are several passive filter types such as single-tuned,
double-tuned, triple-tuned, damped double-tuned, and C-
type filters [6]. Additionally, LCL filters are employed for
the harmonic mitigation of the grid-connected converters
[7]. Recently, several new passive filter topologies—such
as the fully integrated T-LCL filter [8], magnetic integrated
double-trap filter [9], magnetic integrated LLCL filter [10],
and magnetic integrated multi-trap filters [11]—have also
been studied for the reduction of switching harmonics gen-
erated by power converters widely used in traction systems.
Another important motivation behind these designs is the
reduction of filter size [9-11]. Although generally proposed
for traction converters, such filters can also be used in vari-
ous distribution networks including industrial power systems
and renewable energy systems [10].

It is well known in the literature that the cost, losses,
harmonic mitigation performance, and reactive power com-
pensation capacity of passive filters can be affected by design
parameters in contradictory ways. Therefore, their design is
traditionally addressed in the literature as a single- or multi-
objective optimization problem. The objectives commonly
considered in these optimization approaches are the cost
and/or loss minimization of the filter, the minimization of
current and/or voltage harmonic distortions, and the maxi-
mization of the power factor [12]. Apart from these goals,
references [13] and [14] present the optimal designs of C-
type and single-tuned passive filters that aim to minimize
the harmonic loss factor index (F'yr). Reference [13] also
demonstrates that a passive filter design aimed at minimiz-
ing the Fyr index significantly differs from those based on
conventional optimal design objectives. Since the F'yy, index,
defined in IEEE standard C57.110, is inversely proportional
to the permissible loading capacity (Smax) of a power trans-
former operated under distorted voltages and currents, it can
be mentioned that the goal of these two optimal filter designs
is to maximize Spyax in practice. Then, in [6], Karadeniz and
Balci evaluate the performance of several passive filter types
on the loading capacity maximization of a power transformer
in a distorted system.

On the other side, the optimal sizing and placement studies
of the active filters in the literature generally aim to mini-
mize their current rating or cost while adequately reducing
the voltage and current harmonic pollution [15]. In addition
to that, in several studies [16—18], hybrid active filters are
optimized to minimize the harmonic pollution index, which
is the vector sum of the total voltage and total current har-
monic distortion indices. In [19], Zobaa presents an optimal
design of passive filter parameters to minimize the rating of
the power converter in the hybrid active filter.
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1.1 Aim of the work

The literature summary given above shows that there are
few studies on the optimal passive filter design to maximize
the transformer’s loading capacity under nonlinear loading.
Passive filters have limited capacity for mitigating harmonic
distortion and increasing transformer loading capacity. Addi-
tionally, the sole use of active filters can be costly for high
power ratings. As a result, it is seen that there is a need to
propose an optimal hybrid filter design as a cost-effective
solution to maximize the permissible loading capacity of
transformers in highly distorted systems. However, there is
no study on this issue.

In [20], Karadeniz and Balci identify this need and propose
an optimization strategy for a hybrid filter design consisting
of a shunt single-tuned passive filter and a shunt active filter.
The objective of the strategy is to maximize the transformer’s
loading capacity while minimizing the filter’s investment
cost. The constraints include harmonic limitations defined
in IEEE standard 519 [21] and the desired power factor
range. However, in the design strategy, the minimization of
the fundamental frequency loss in the active filter is not con-
sidered as a goal, and the quality factor range for the passive
filter is not included among the constraints. These aspects
are important for providing an energy-efficient hybrid fil-
ter. Additionally, in [20], the performance of the optimized
hybrid filter is not examined under varying load demand
or changes in the utility-side’s short-circuit impedance.
Finally, in the same study, the optimal design results are
obtained solely using the particle swarm optimization (PSO)
algorithm, without cross-validation using an alternative opti-
mization method.

This study aims to address the gaps by reformulating the
optimal hybrid filter design considering filter losses, eval-
uating its performance under varying consumer and utility
conditions, and validating the results through a second opti-
mization algorithm.

1.2 Contributions of the work to the literature

This work provides three major contributions to the literature.
They can be mentioned as follows:

1. An optimal sizing approach is proposed to minimize an
objective function including the investment cost of the
hybrid active filter, the harmonic loss factor (Fpyr), and
the fundamental frequency loss of the active filter part.
The constraints of the proposed optimal design are the
individual and total harmonic distortion limitations spec-
ified by the IEEE standard 519, the desired interval of
the displacement power factor (95% (lagging) < DPF <
100%), and the quality factor range of the passive filter
part (30 < Q < 60).
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2. For two harmonic-rich system scenarios, the optimal
design results are obtained using the PSO algorithm [6,
22]. Subsequently, the performance of the proposed opti-
mal hybrid active filter design is evaluated. The same
design problem is also solved using the genetic algo-
rithm (GA) [23-25], demonstrating that both algorithms
yield highly comparable results. Since PSO and GA are
widely known in the literature [22, 24] and successfully
applied in various optimal passive filter design studies
[6, 25], they are notably preferred in this study.

3. Toevaluate the suitability of the proposed filter design for
practical applications, a time-domain model of the sys-
tem is developed in the Simulink environment. Using this
model, the hybrid filter’s performance is tested under a
wide range of variations in load demand and the system’s
short-circuit impedance.

1.3 Organization of the work

The work is organized into five sections. In Sect. 2, the sys-
tem model in the harmonic domain is described in detail.
Section 3 presents the problem formulation of the proposed
design approach and a summary of PSO and GA techniques
used for the solution of the problem. In Sect. 4, the per-
formance of the optimal hybrid active filter is evaluated.
Additionally, its effectiveness under variable loading and the
system short-circuit impedance conditions is parametrically
investigated using the time-domain model of the system in
the Simulink environment. Finally, Sect. 5 summarizes key
findings and conclusions of the study.

2 Modeling of the system in harmonic
domain

To obtain the optimization results in this study, the hybrid
active filter is inserted into the two-bus distribution system
simulated in [6] instead of the passive filter. The one-line
diagram of the modeled system is shown in Fig. 1. In the
system, the load of the consumer includes three-phase bal-
anced linear and nonlinear (harmonic-producing) loads. The
power transformer is dedicated to supplying the consumer
in the system. The hybrid active filter consists of a shunt
active filter and a shunt single-tuned passive filter. The sys-
tem’s single-phase equivalent circuit is given in Fig. 2. Here
it should be noted that superscript (—) means the phasor value

of the impedances, voltages, and currents in the equivalent
circuit.

Utility Side

PCC

Load Bus

Linear and Non-linear

Hybrid Filter
Loads

Fig. 1 The two-bus distribution system considered in the analysis
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Fig.2 The single-phase equivalent circuit of the system for hth har-
monic order

In the equivalent circuit, the utility side is modeled using
a Thevenin voltage source, Vsp, and a Thevenin (or short-
circuit) impedance, Zgsy,, for each harmonic order [6]:

Zsh = Rs + jhXs ey
The power transformer can be represented using its
winding resistance for the hth harmonic order (Rty) and

its fundamental frequency winding reactance (X7), both
referred to the primary side [6, 13, 26]:

Zth = Rmn + jh X7 ()

Note that the Ath harmonic equivalent resistance of the
transformer windings can be calculated based on resistances
related to its DC loss and fundamental frequency eddy current
loss [13]:

Rth = Rpc + h?Rec 3)
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Fig.3 The single-tuned filter’s equivalent circuit

The linear and nonlinear load group is modeled in the
equivalent circuit as the parallel connection of Zin = R +
jh X and the harmonic current source, Inip. Note that the
current harmonic source is one of the widely known models
used for simulating the current distortion of the nonlinear
loads in the literature [27].

For hth harmonic order, the single-phase circuit of the
single-tuned passive filter is illustrated in Fig. 3, and the pha-
sor value of its impedance can be calculated based on Eq. (4)
[28, 29]:

= . Xcr | .
pFh = —J == + jhXLF + RF 4

N

The relation among the fundamental frequency capacitive
reactance (X cr), fundamental frequency inductive reactance
(XLF), resistor (Rf), quality factor (Q), and tuned harmonic
order (h;) of the passive filter can be written as follows [28]:

XcF
hy = | — 5
r =,/ Xip ©)

_ hXip

Q Ry

(6)

The shunt active filter can practically be represented as a
current source in the equivalent circuit of the system. The
current injected by the active filter into the system depends
on the active compensation strategy. The active compensa-
tion strategies can be divided into three classes: (1) unity
power factor, (2) constant instantaneous power, and (3) sinu-
soidal source current active compensation [30]. In this study,
according to the first one, the current injected by the active
filter is simulated.

To achieve unity power factor according to Fryze’s power
theory, for each phase, the waveform of the line current
should be a replica of the load voltage’s waveform, and they
should also be in phase [31]. Thus, the instantaneous cur-
rent synthesized by the active filter can be expressed using
the load’s equivalent conductance (G,), instantaneous load
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current (iz (¢)), and instantaneous load voltage (v (¢)) [31]:

iap(t) = ip(t) — Gevr (1) (N

Here it should be underlined that the load’s equivalent
conductance can be calculated using average power (P) and
the square of true RMS voltage (V) at the load bus:

G, = i _ ZhVLhIhCOS(Qh) @)

Vi Vi

where Vij and I are the rms values of the Ath harmonic
load voltage and Ath harmonic line current and 6, represents
the phase angle difference between them. Moreover, for the
system model shown in Fig. 2, the total instantaneous load
current, iy (¢), is obtained in the time domain as the sum of
three components: the current flowing through the passive
filter impedance (7pph), the current flowing through the load
impedance (Zy ), and the time-domain equivalent of the har-
monic current source, which directly injects current into the
system (TNLh).

Thus, the harmonic currents injected by the active filter
can be rewritten in terms of the harmonic currents flowing
through load impedance and passive filter (TLhandfpph), the
harmonic currents generated by the load (TNLh), Ge, Vin
and a scaling parameter (8):

Topn = B(Ith + Inth + Tprn — GeVin) )

where TLhandfpph are calculated as follows:

- Vi

Ith = =— (10)
Zih

- Vin

Ipph = =—— (11
Z pFh

Note that 8 controls the amount of reactive current gener-
ated by the active filter and can take values between 0 and 1.
During the optimization process, G, is not directly computed
from Eq. (8), and it is considered as a tunable parameter to
minimize the fundamental frequency loss of the active filter.

Concerning the equipment models detailed up to here, the
node voltage method is implemented to express the harmonic
components of the load voltage (V 1), line current (I3,), and
PCC voltage (V},) in the single-phase equivalent circuit:

_ 1 \Y _
Vin= —| = 4+ (8- 1)Tnin (12)
Ap | (Zsh +Zm)
Vsh— V-
I, = sh — Vin (13)
(Zsh + Zmn)
Vi =Vsn— I1Zsn (14)
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where Ay, is written as

Ah:|:1__'3+1__ﬂ+Ge/3+

—_ (15)
Zypn ZLh (Zsh + ZTh)]

In this way, for the system, the harmonic distortion quan-
tification indices can be computed:

e Total and individual voltage harmonic distortions at the
PCC [6, 21]:

Vs Vi
THDV (%) = oY =2V (16)

1

v
Vi (%) = 1002 (17)
Vi

e Total and individual current harmonic distortions of the
line current [6, 21]:

vV th21h2
—_— (18)

THDI(%) = 100+—
1

I
1 (%) = 1001— (19)
1

where V| and V}, are the rms values of the fundamental
and /th harmonic voltages at the PCC and /7 and I}, denote
the rms values of the fundamental and Ath harmonic line
currents.

Regarding fundamental frequency active and fundamental
frequency apparent powers, P; = Viljcos(61) and S1 =
V114 [6,21], displacement power factor measured at the PCC,
DPF(%), is found as:

P
DPFE(%) = 100S—1 (20)
1

Under the distorted current conditions, according to IEEE
std. C.57.110 [32, 33], for dry-type transformers, the maxi-
mum rms current in pu and maximum loading capacity, Imax
(pu) and Smax (%), can be calculated using Eqgs. (21) and
(22):

1 + Pec—r(pu)
1, = 21
max (Pu) \/1 + FHL Pec—r (pu) D

Smax (%) = VR (pw) Imax (pu).100 (22)

In these equations, Pec—g(pu) is the eddy current loss at
the fundamental frequency in pu, Vg (pu) denotes rated volt-
age of the transformer in pu, and Fy is the harmonic loss

factor index defined in IEEE std. C.57.110 as follows:

272
il

In addition, the winding loss of the transformer (A Pr), the
passive filter’s loss (A Pyr), and the fundamental frequency
loss of the active filter (A P,r) can be calculated using Eqgs.
(24)—(26), respectively:

FaL (23)

APy = Zhl,fRTh (24)
APy = Zh I Rr (25)
APag = |Vi11F1c08(0LaF1)] (26)

In Eq. (26), OLaf1 is the phase angle difference between
the fundamental frequency load voltage and the fundamental
frequency current injected by the active filter.

The investment costs (ICpr and IC,F) for the passive and
active filters included in the hybrid filter can be written as
follows [6]:

ICoF =0Qsc-Uc+ Qs -UL (27

ICsp = Iupr - Uar (28)

where Qs c and Qx denote the power ratings of the capac-
itors and inductors used in the passive filter, while IR is the
current rating of the active filter:

Qsc =313 Xcr (29)

QL =315 Xir (30)

L =,/ hIaZFh (31

In these equations, Uc and Uy, are the costs per kVA of
the capacitors and inductors, and Uyr is the cost per Amper
of the active filter, respectively. In the analysis, according to
the best knowledge of the authors about prices in the market,
Uc, Uy, and Uy are taken as 3.25 Euro/k Var, 44 Euro/k Var,
and 100 Euro per Amper.

The sum of IC,r and IC,4F gives the total investment cost
of the hybrid filter:

IC = ICyF + ICyF (32)
Based on the modeling considerations and expressions

presented up to here, the formulation of the optimal design
problem will be detailed and solved in the following sections.
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3 Proposed optimal design approach

In this section, the problem formulation of the proposed opti-
mal design approach is first presented. Then, a brief overview
of the PSO and GA methods, which are used to solve the for-
mulated problem, is given.

3.1 Problem formulation

This paper aims to optimally design a hybrid active filter,
comprising a shunt active filter and a single-tuned shunt
passive filter, to cost-effectively maximize the transformer’s
permissible loading capacity (Smax) under distorted current
conditions. To this end, the minimization of both the har-
monic loss factor (Fyr.) index and the filter’s investment cost
(IC) are handled as objectives of the optimal design problem.
The minimization of the fundamental frequency loss of the
active filter is considered as a third objective for its efficient
operation.

The optimal design variables of the passive filter part of
the hybrid filter include the capacitive reactance (XcF), the
tuning harmonic order (%), and the quality factor (Q). In
addition, the parameters § and G., which define the reactive
current synthesized by the active filter part, are also treated as
optimization variables. All these design variables are simul-
taneously optimized in the considered approach.

Regarding IEEE standard 519, the constraints of the con-
sidered optimal design problem are defined as the individual
(maxVj, and maxl/,) and total harmonic distortion limits
(maxTHDV and maxTHDI) of the PCC voltage and line cur-
rent and the desired displacement power factor interval (95%
(lagging) < DPF < 100%). In addition to that, to ensure a
balance between harmonic selectivity and resistive losses in
the single-tuned passive filter, the quality factor (Q) range is
considered as the last constraint. By regarding [28, 29], the
lower and upper bounds of Q are set to 30 and 60, respec-
tively.

According to these objectives and constraints, the formu-
lation of the optimal filter design can be written as in Egs.
(33)-(39):

Find: Hybrid filter parameters (hfp),

To minimize Of(hfp) = m Fur (hfp) 4+ m2IC(hfp) + m3 A P,r(hfp)

(33)
subjected to : Vj,(hfp) < maxVj (34)
I, (hfp) < max/y (35)
THDV (hfp) < maxTHDV (36)
THDI(hfp) < maxTHDI 37)
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95%(lagging) < DPF(hfp) < 100% (38)

30=0 =60 (39)

where MaxTHDI and MaxTHDV refer to total harmonic
distortion limits for current and voltage, while MaxV}, and
Max1;, are the individual harmonic distortion limits, all of
which are specified in IEEE Std. 519. In addition, my, mo,
and m3 denote the weighting factors assigned to the three
objectives. hfp denotes all design parameters of the hybrid
filter, comprising the passive filter parameters (Xcr, h:, Q)
and the active filter parameters (8, Ge).

To obtain the optimal solutions in this study, the weighting
factors mj, mp, and mj3 are set to 0.5500, 0.3600, and 0.0900,
respectively, based on the priorities of the three objectives. In
the objective function, IC and A P,f are expressed in thou-
sands of euros (k€) and kW, respectively.

3.2 Solution algorithms

The abovementioned optimal design problem is solved using
the PSO algorithm, one of the oldest and most widely used
meta-heuristic algorithms [6]. To show the validity of the
results, the problem is also solved by GA. The principles of
both techniques are briefly summarized below. Readers are
referred to [22, 23] for detailed information on both algo-
rithms.

3.2.1 PSO algorithm

The PSO algorithm is a stochastic optimization technique
that was developed by Dr. Eberhart and Dr. Kennedy in 1995
[6]. It is based on bird swarms that communicate with each
other, for instance, to find food. In this algorithm, each bird
represents a candidate solution, and all birds in the group
together are called a “swarm.” The algorithm identifies the
optimal solution by evaluating the fitness function output.
Each particle’s velocity and position are randomly initialized.
Subsequently, both parameters are iteratively updated using
stochastic components and mathematical rules involving the
global best (ghest) and personal best (ppest) positions [6, 22].
The velocity values are accelerated over the gbest and pbest
values by using the following equations:

vidd T =w- vidk +c-U- (pbestidk — xidk>
+c-U- (gbestdk - x,-,/‘) (40)
xid" ! = xid* 4 vig* ! (4D)

where d denotes a column vector in m-dimension (d = 1;
2;...; m); i denotes a row vector in the n-dimension (i = 1;
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2;...:n); k is the iteration number; vid* is the velocity value
of ith agent at the kth iteration; xid® is the current position
of the ith agent at the kth iteration; pbest* is the personal
best value of the ith agent at the kth iteration; gbest* is the
global best value of the ith d agent at the kth iteration; U is
the random value between O and 1; w is the inertia weight;
and ¢y and ¢, are the weighting factors, which are selected
as 2 in this study.

w decreases in the interval as given in the following equa-
tion:

Wmax — Wmin

- iter 42)

W = Wmax — :
1termax

The PSO algorithm is run in the Matlab environment with
a swarm size of 400. The algorithm is executed 25 times, and
the best result is selected as the optimal solution.

3.2.2 Genetic algorithm

Genetic algorithm (GA) is a heuristic optimization method
drawn from natural selection processes, commonly utilized
for addressing intricate optimization issues [23, 24]. It func-
tions by utilizing three essential genetic operators: selection,
crossover, and mutation. Given an objective function f(x),
the fitness of each individual in the population is evaluated,
guiding the selection process. The next generation is formed
by applying crossover and mutation, which introduce genetic
diversity. The optimization process can be formulated as fol-
lows:

P(t + 1) = mutate(crossover(select(P(t)))) 43)

where P(t) represents the population at generation ¢. The
selection probability p; of an individual i is typically propor-
tional to its fitness:

S
pi = —— (44)
EEDMVIES!

GA isimplemented in Matlab environment to find the opti-
mum solution by applying a population size and generation
as 400 and 100. The algorithm is executed 25 times, and the
best result is selected as the final solution.

4 Numerical results

To obtain the numerical results for the system illustrated in
Fig. 1, the utility-side parameters are predetermined as fol-
lows: The fundamental frequency line-to-line background
voltage is 6345 V, the short-circuit power is 210 MVA, and the
total harmonic distortion of the background voltage is 1.65%.
The short-circuit resistance and reactance parameters of the

Table 1 Spectrums of the background voltage and load current har-
monic sources in the equivalent circuit of the system for Cases I and

II

h InNLn(A) Vsn(V)
Case | Case I1

5 14.30/5 - —45° 28.60£5 - —45° 36.64.L0°

7 13.20£7 - —45° 26.40/7 - —45° 27.48.0°

11 12.10£11 - —45°  24.20/11-—45°  23.82/0°

13 11.00£13 - —45°  22.00£13 - —45°  20.15£0°

17,19, 23, 7.70Lh - —45° 15.40Lh - —45° 11.00£0°
25

29, 31, 35, 5.50Lh - —45° 11.00£h - —45° 3.66L0°
37

41,43, 47, 3.30Lh - —45° 6.60Lh - —45° 1.8520°
49

Table 2 Power quantities and power quality indices for Cases I and II
of the system without filtering

Indices Case | Case II
Py (kW) 1410 1410
THDV (%) 3.450 6.208
THDI (%) 16.190 32.495
DPF (%) 70.510 70.510
FyL 10.345 35.710
Smax (%) 60.278 36.541
APt (kW) 36.462 107.160

system, Rg and X, are 0.0189 2 and 0.189 2, respectively.
The resistance and fundamental frequency reactance of the
load seen from the primary side of the transformer, Ry and
X, are 13.85 Q and 13.18 2, respectively. The consumer
has a 2 MVA, star/star connected, 6300 V/400 V dry-type
transformer. The harmonic model of the transformer is taken
from the study [13]. Two harmonic distortion scenarios are
considered for the numerical analysis. For these cases, the
phasor values of the background voltage and load current
harmonic sources in the equivalent circuit of the system are
presented in Table 1. The power quantities and power qual-
ity indices calculated for the respective cases are given in
Table 2.

Note that to demonstrate the advantages of optimal hybrid
active filtering in improving capability for Fyy, or Spax com-
pared to optimal passive harmonic filtering, the first case
(Case 1) is taken from [6]. Reference [6] shows that for this
case, since the single-tuned filter does not provide the current
harmonic distortion levels compatible with IEEE standard
519, it cannot achieve an optimal solution for the Fyyp, min-
imization objective. In addition, a second case (Case II),
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which has a current harmonic distortion worse than Case
I, is chosen to investigate the impact of an increase in cur-
rent harmonic distortion on the performance of the optimal
hybrid active filter design.

For both cases, P; and DPF are 1410 kW and 70.51%. In
Case I, the THDI, Fyr, and THDV are 16.190%, 10.345 and
3.450%, respectively. These quantities increase to 32.495%,
35.710 and 6.208% in Case I, respectively. Spmax is calculated
as 60.278% for Case I and 36.541% for Case II. These numer-
ical results indicate that, under the simulated conditions, the
transformer’s maximum loading capability is significantly
limited, and reactive power compensation is required. Addi-
tionally, the THDI and THDV limits defined by IEEE Std.
519 are 15% and 5%, respectively, for both cases. Therefore,
it can be stated that the THDI in Case I does not comply
with the standard, while both the THDI and THDYV in Case
II exceed the permissible limits.

The individual harmonic distortions of the PCC voltages
and line currents are plotted in Figs. 4 and 5. According to the
individual current harmonic limits defined by IEEE std. 519,
as given in Table 3, the individual line current harmonics in
both cases do not meet the permissible levels. However, in
both system cases, individual voltage harmonic distortions
are within acceptable limits.

4.1 Numerical results obtained for the proposed
approach

This subsection is aimed at evaluating the optimal parame-
ters of the hybrid active filter designs and the achieved values
of power quality indices and losses via these filters, for the
two considered cases. It should be underlined that the opti-
mal solutions are provided by PSO and GA techniques. The
solutions of PSO are given in Tables 4 and 5.

It can be mentioned from these two tables that for Cases I
and II, the passive parts of the optimized hybrid filters have
Xcr values of 27.799 2 and 27.883 2. These values are very
close to the capacitive reactance value required for unity
power factor compensation at the fundamental frequency.
Thus, one can see that the passive filter parts achieve a DPF
value of 99.944%. This considerably reduces the optimal size
of the active filter and the investment cost of the hybrid com-
pensation. Additionally, for both cases, the passive filters
have X1 values of 0.0533 © and 0.1373 €2, and they are
optimally tuned to the high-order harmonics, h; = 22.848
and 14.252. As a result, they significantly reduce the Fy,
index. This contrasts with conventional passive filter designs
that aim to minimize THDI because they are tuned to the
dominant current harmonics, which are typically at lower
frequencies. It can be mentioned from the comparative eval-
uation of the results obtained for Cases I and II that a higher
THDI level of the load leads to a lower tuning harmonic
order of the passive filter. This case can be interpreted as

@ Springer

under higher THDI levels, the elimination of dominant cur-
rent harmonics at lower harmonic orders by the passive filter
becomes inevitable for a cost-effective design of the hybrid
filter. Accordingly, as the THDI level increases, the passive
filter’s tuning harmonic order decreases. Lastly, the Q val-
ues of the optimized hybrid filters are around 30, and they
have Rr values of 0.0406 2 and 0.0652 Q2. Thus, their losses
(APpF) are 2.318 kW and 4.069 kW for Cases I and II. It
means that a higher THDI level (Case II) of the load results
in a higher APp. This occurs because, for the higher THDI
level, the passive filter is tuned to lower harmonic order and
eliminates high-amplitude current harmonics.

On the other hand, for Cases I and II, the rated currents
(Iapr) of the active filters in the optimally designed hybrid
filters are 34.006 A and 59.364 A, respectively. The optimal
B values corresponding to these current ratings are 0.788
and 0.874. One can see from these results that a higher THDI
level of the load requires a larger size of the active filter part.
The adjusted G, values are approximately 38 mS, and AP,r
has negligible values for Cases I and II.

Using the optimal hybrid active filters, the achieved OF
values are 3.646 and 4.636 for the first and second cases.
Accordingly, Fyr and Smax values are improved to 1.271
and 98.162% for Case I, and 1.276 and 98.117% for Case II.
For the respective cases, utilizing the optimized hybrid fil-
ters, A Pt decreases to approximately 7.700 kW. It should be
noted that although there is a significant difference between
the Fyr values (10.345 and 35.710) of the uncompensated
system cases, with the support of the active filter part, the
achieved Fyr, or Smax values after the optimal hybrid com-
pensation are very close to each other. On the other hand, the
cost of the active filter part for Case Il (IC,r = 5.936 k€) is
significantly higher than the cost of the active filter part for
Case I (IC;r = 3.400 k€). However, this is not the case for
the passive filter part. As a result, the optimized total costs
of the hybrid filter for Cases I and II are attained as 8.185 k€
and 10.926 k€.

From the abovementioned numerical results, it can be
summarized that for Case I, the proposed hybrid filter reduces
total current harmonic distortion (THDI) by 60.9%, total
voltage harmonic distortion (THDV) by 49.2%, and FpL
by 87.7%, while increasing transformer loading capacity by
62.9%. For Case 11, THDI is reduced by 82.7%, THDV by
72.0%, and Fyy, by 96.4%, with transformer loading capacity
improved by 168.5%. All these improvement levels clearly
demonstrate the filter’s effectiveness and cost-efficiency.

For two analysis cases, the individual harmonic distor-
tions of the PCC voltages and line currents after filtering
are plotted in Figs. 6 and 7. One can see from these two fig-
ures and Table 3 that the individual distortion levels achieved
by the optimized hybrid active filters for both analysis cases
are compatible with the individual harmonic distortion limits
provided by the IEEE standard 519.
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Fig.4 The individual harmonic
distortions of a PCC voltage and
b line currents for Case I of the
system without filtering
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Fig.5 The individual harmonic 25 T T T T T T T T
distortions of a PCC voltages (a)
and b line currents for Case II of

the system without filtering
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Table 3 The individual harmonic
distortion limitations provided by h<ll Il <h<17 17<h<23 23<h<35 3B<h
the IEEE standard for the
simulated system Line current (1,/11%) 12.0 5.5 5.0 2.0 1.0
PCC voltage (V/V1%) 3.0
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Table 4 Results of the optimal

solution provided by PSO for Filter parameters PQ indices and losses Objectives

Case ]
Xcr (ohm) 27.799 THDV (%) 1.753 ICpr (k€) 4.785
h—X1F (ohm) 22.848-0.0533 THDI (%) 6.330 IC,r (k€) 3.400
QO-Rr (ohm) 30.003-0.0406 DPF (%) 99.944 IC (k€) 8.185
B 0.788 Fr 1.271 AP,r (KW) 0.005
G, (mS) 37.941 APt (KW) 7.727 Smax (%) 98.162
I.rR (A) 34.006 APpE (kW) 2318 OF 3.646

Table 5 Results of the optimal

solution provided by PSO for Filter parameters PQ indices and losses Objectives

Case II
Xcr (ohm) 27.883 THDV (%) 1.736 ICyr (k€) 4.990
h—X1F (ohm) 14.252-0.1373 THDI (%) 5.627 IC,r (k€) 5.936
Q-Rr (ohm) 30.000-0.0652 DPF (%) 99.944 IC (k€) 10.926
B 0.874 Fur 1.276 AP, (kW) 0.007
G, (mS) 37.973 AP (kW) 7.741 Smax (%) 98.117
Ier (A) 59.364 APyr (kW) 4.069 OF 4.636

Finally, to validate the effectiveness of the optimal
solutions obtained through PSO, the corresponding results
derived from the GA are presented in Tables 6 and 7. A
comparison of Tables 4, 5, 6 and 7 reveals that both algo-
rithms yield hybrid filter configurations that are closely
aligned. These filters demonstrate comparable performance
in terms of power quality improvement and the enhancement
of transformer loading capacity while also incurring similar
investment costs.

4.2 Performance evaluation of the proposed filter
under variable system conditions

This subsection aims to evaluate the performance of the
proposed hybrid filtering approach under the variations in
the utility and consumer sides. The operation of the opti-
mally designed hybrid filter is demonstrated using a detailed
time-domain Simulink model, which provides a practical and
illustrative platform for analyzing the implementation of the
proposed scheme.

4.2.1 Simulink modeling of the studied system

To evaluate the performance of the proposed optimal hybrid
filter under varying short-circuit impedances and loading
conditions, a time-domain model of the system in Simulink
has been developed, as shown in Fig. 8. It represents a
single-phase equivalent of the system and includes detailed
submodels for the source side, transformer, load group, active
filter, and passive filter.

In the Simulink model, the distorted background voltage
and load current harmonics under the rated system condi-
tions are applied based on the harmonic spectrum of Case
II in Table 1, using controlled voltage and current sources.
Additionally, as mentioned before, Rg and Xg are 0.0189
Q and 0.189 €, respectively, and Ry, and Xy are 13.85 Q
and 13.18 €, respectively. To prevent numerical issues dur-
ing simulation, two very high-value resistors, both labeled R,
are placed in parallel with the controlled current sources. For
the analysis on the system’s variation cases, the passive filter
has optimal Xcp, XL r and Rp parameters obtained via PSO
algorithm for Case II, 27.883, 0.1373, and 0.0652 2. Besides,
the passive filter may be disconnected from the system using
a circuit breaker.

Figure 9a shows the equivalent short-circuit model of the
transformer in the time domain, and it includes a resistance
associated with the dc losses of the windings, short-circuit
reactance, and a controlled voltage source which represents
the voltage across the resistance (Re.) associated with the
eddy current losses. In Fig. 9b, Fourier block measures the
maximum value (j;h) and phase angles («y,) of the source
current, iz(f), and the function block generates the voltage
signal for the controlled source based on Eq. (45).

Vee(t) = Y h*RecTnsin(apt + o) (45)
h>1

In the Simulink model, the current injected by the active
filter is generated using the block diagram given in Fig. 10.
The time-domain expression of the injected current can be
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Fig. 6 The individual harmonic
distortions of a PCC voltage and
b line currents for Case I of the
system with the filtering
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Fig. 7 The individual harmonic (a) 1.2 I T T T T — T
distortions of a PCC voltage and
b line currents for Case II of the
system with the filtering
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written as follows: v (t) and VL are the instantaneous and RMS values of the
load bus voltage, and P denotes the active power consumed
by the load group and passive filter. The variable a serves as a
limiter, keeping the RMS value of i,p(t) within the optimized
rated current of the active filter (/,pr = 59.364 A). If the

In this equation, as can be seen from Figs. 8 and 10, i1 (¢) is RMS value of iur(r) is less than or equal to I.rr, then a is
the current passing through the load group and passive filter, equal to 1. Otherwise, a takes a real value less than 1 that

P
ip(t) =a- (iL(f) - WUL(I)) (46)

L

@ Springer
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Table 6 Results of the optimal

solution provided by GA for Filter parameters Power quality indices and Objectives

Casel losses
Xcr (ohm) 27.790 THDV (%) 1.765 ICpr (k€) 4.761
h—X1F (ohm) 25.304-0.0434 THDI (%) 6.563 IC,r (k€) 3.402
QO-RF (ohm) 30.001-0.0366 DPF (%) 99.944 IC (k€) 8.163
B 0.782 FuL 1.291 AP.p (KW) 0.002
G, (mS) 37.936 APt (kW) 7.756 Smax (%) 97.985
IR (A) 34.019 APpr (kW) 2.097 OF 3.649

Table 7 Results of the optimal

solution provided by GA for Filter parameters Power quality indices and Objectives

Case I losses
Xcr (ohm) 27.874 THDV (%) 1.757 ICpr (k€) 4.968
h;—X1F (ohm) 14.741—0.1283 THDI (%) 6.153 ICyr (k€) 5.909
QO-Rr (ohm) 30.002—0.0630 DPF (%) 99.944 IC (k€) 10.878
B 0.863 FuL 1.312 APar (KW) 0.116
G, (mS) 37.973 APt (KW) 7.795 Smax (%) 97.809
Irr (A) 59.092 APy (kW) 3.972 OF 4.648

R 1 ]

Transformer

SErC

Source Side

Active Filter

Fig.8 Simulink modeling of the studied system in time domain

Fig.9 Simulink modeling of the (a)
transformer in time domain @ s AT e———=2 >
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Fig. 10 Active filter current

generation blocks

A e &

v(t)

limits the RMS value of i,g(¢) to I,gr. In the simulations, a
is determined through a trial-and-error approach.

4.2.2 Results for variable loading cases

Itis well established in the literature that passive filters tend to
exhibit poor performance under low-loading conditions [6].
To investigate the impact of consumer-side load variations on
the proposed filter performance, the loading level is treated
as a variable parameter in this study. Furthermore, to avoid
the inefficiencies associated with the passive component at
low loading, the proposed hybrid filter can be operated such
that only its active part is utilized under these conditions.

To determine the loading range within which the active
component alone is sufficient to meet harmonic distortion
limits and reactive power compensation requirements, the
parameters THDV, THDI, Spax, and DPF are evaluated
across variable loading conditions. For the simulations, it is
assumed that under varying loading conditions ranging from
the rated level (100%) down to 20%, the resistance (Ry) and
reactance (X ) representing the linear load increase inversely
with the loading level. Simultaneously, the magnitudes of the
harmonic current sources (/NLh ), modeled in parallel with the
linear load impedance, are assumed to decrease directly pro-
portional to the loading level. Throughout the analyses, both
the power factor of the load and the phase angles of the load’s
harmonic current components are considered constant.

The corresponding results, simulated for the system’s
worst-case scenario (Case II), are depicted in Figs. 11 and
12.

i([F(t)
X
Vi P
X > X N
X
2
VL .
RMS uw? j’
25
——THDV
225712 — THDI _ -]
20 -7
-
— '
§ 1751 . s 1
- 7
a L } i
I 15 7’
== Ve
<1251 ’ §
S /
S 10t ’ 1
@) y
£ 750 i ]
5 N // 7
/7
25 / | —
0 1 1 1 1 1 1 1
20 30 40 50 60 70 80 90 100
LR(%)

Fig. 11 The variation of THDV and THDI levels achieved using only the
active part of the proposed filter design for the loading levels between
20 and 100%

InFig. 11, the vertical red line indicates the system’s THDI
limit of 15%. The results show that the active filter maintains
current harmonic distortion within IEEE 519 standards for
loading levels between 20 and 68%. Additionally, the figure
confirms that, for all loading levels, the voltage distortion at
the point of common coupling (THDV) remains below the
IEEE threshold of 5%.

Figure 12 presents the DPF and transformer loading
capability. Here, the vertical red line denotes the minimum
acceptable DPF (95% lagging), while the blue vertical line
marks the loading level limit which the transformer cannot
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Fig. 12 The variation of Sy,ax and DPF values achieved using only the
active part of the proposed filter design for the loading levels between
20 and 100%

Table 8 For the loading levels such as 65%, 75% and 85%, the THDV,
THDI, DPF, and Spax values achieved using the optimized hybrid filter

LR =65% LR =75% LR =85%
THDV (%) 1.818 1.778 1.789
THDI (%) 6.994 4.572 4.260
DPF (%) 99.906 99.999 99.990
Smax (%) 96.878 98.521 98.794

operate safely. The figure reveals that the active filter alone
achieves DPF values exceeding 95% up to a 60% loading
level. Moreover, it allows safe operation of the transformer
at loading levels up to 68%.

Hence, it can be stated that for loading levels up to 60%,
the active component of the hybrid filter alone is sufficient
to improve the transformer’s loading capacity while also ful-
filling the requirements for harmonic mitigation and reactive
power compensation. For higher loading levels—specifically
at 65%, 75%, and 85%—the performance of the optimized
hybrid filter is presented in Table 8. The values of THDV,
THDI, DPF, and Sy, are recorded as follows:

e At65% loading: 1.818%, 6.994%, 99.906%, and 96.878%
o At75% loading: 1.778%,4.572%, 99.999%, and 98.521%
o At85% loading: 1.789%, 4.260%, 99.990%, and 98.794%

These results demonstrate that for higher loading lev-
els, the optimized hybrid filter effectively meets harmonic
distortion and reactive power requirements while enabling
increased transformer loading.

@ Springer

Table 9 Power quality indices variations with different short-circuit
capacities

Ssc = 424 MVA Ssc = 141
MVA
THDV (%) (without filter) 3.576 9.389
THDV (%) (with the filter) 1.740 1.869
THDI (%) (with the filter) 5.741 5.754
DPF (%) (with the filter) 99.944 99.944
Smax (%) (with the filter) 97.753 97.973

Based on the results detailed up to here, a load-adaptive
management strategy can be introduced to enhance the per-
formance of the proposed hybrid filter under varying loading
conditions. In this strategy, only the active filter is utilized
at low loading levels, whereas both active and passive filters
are activated when the loading level is higher.

4.2.3 Results for variable system impedance cases

Variations in the short-circuit impedance of the utility grid
may occur due to factors such as network faults, mainte-
nance work, system capacity expansions, or the integration
of new generation and distribution equipment. These vari-
ations affect the network’s short-circuit power and can, in
turn, influence the harmonic distortion levels at the PCC.
This study accounts for this issue by evaluating the
robustness of the optimized hybrid filter under two addi-
tional scenarios: one in which the short-circuit impedance is
reduced by 50% and another in which it is increased by 50%,
relative to the original system conditions. Note that for these
two additional scenarios, short-circuit powers (Ssc) of the
system are 424 MVA and 141 MVA, respectively. To achieve
both cases, the ratio X g/Rg of the impedance is kept constant
and the fundamental frequency magnitude of the impedance

G/ R% + X g) is adjusted to be inversely proportional to the
short-circuit power of the system.

Thus, the corresponding THDV, THDI, DPF, and Spax
values for the original and modified versions of Case II with
hybrid filtering are presented in Table 9. For comparison,
the same table also includes the unfiltered system’s THDV
at the PCC. As illustrated in Table 9, THDV at the PCC
is highly sensitive to changes in short-circuit impedance
in the absence of filtering. For the uncompensated system,
the THDV values are observed as 3.576%, 6.208%, and
9.389% for the low, nominal (original), and high short-circuit
impedance cases, respectively. Once the optimized hybrid
filter is implemented, the THDV and THDI are reduced to
approximately 1.8% and 5.7%, respectively, across all short-
circuit impedance scenarios. Additionally, the DPF exceeds
99%, and Smax is increased beyond 97%.
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These findings clearly demonstrate that the proposed
hybrid filter is highly resilient to changes in grid short-circuit
impedance, providing stable power quality and reliable fil-
tering performance under varying network conditions.

5 Conclusion

This study proposed an optimally designed hybrid active
filter—comprising a shunt single-tuned passive filter and a
shunt active filter—to cost-effectively maximize the loading
capacity of power transformers operating under harmonically
distorted voltage and current conditions.

The design objective was the simultaneous minimization
of the harmonic loss factor, investment cost, and the funda-
mental frequency loss of the active filter component, subject
to IEEE standard 519 harmonic distortion limits, desired
power factor interval, and quality factor range. The optimiza-
tion problem was solved using both PSO and GA techniques.

Numerical results demonstrate that the active filter signif-
icantly supports the passive filter in enhancing transformer
loading capacity (Smax) while maintaining power quality
compliance. The passive component handles fundamental
reactive power compensation and is optimally tuned to high-
order harmonics—unlike conventional passive filters, which
target dominant low-order harmonics. Although an increase
in THDI level of the system leads to higher losses in the
passive filter, the overall performance on the mitigation of
Fyr, and Spax remains consistent across cases due to the
active filter’s contribution. PSO and GA techniques yield
hybrid filter configurations that are closely aligned. These fil-
ters demonstrate comparable performance in terms of power
quality improvement and the enhancement of transformer
loading capacity while also incurring similar investment
costs. Lastly, from the performance analysis of the optimally
designed hybrid filter under a wide range of variations in load
demand and grid short-circuit impedance, it can successfully
be employed in the practical systems.

The proposed design can particularly be employed in
industrial facilities, renewable energy plants, and data cen-
ters, where harmonic pollution is a common power quality
problem and transformer utilization should be maximized
without compromising reliability. The optimization frame-
work is flexible and can be adapted to suit various grid
conditions and economic priorities.

In future works, itis planned to integrate design constraints
from IEEE 18-2012 to account for capacitor reliability and
thermal stress, bringing the design closer to practical deploy-
ment standards. Additionally, to test the performance of the
proposed optimal hybrid filter for the practical systems in
more detail, it may be necessary to perform analyses under
numerous random variations on the source and load sides.
The unbalanced system conditions should also be considered

in the future analysis studies. In addition, the performance of
the active filter part of the hybrid filter is directly affected by
the uncertainties in the voltage and current measurements.
The changes in the values of the passive filter elements
depending on time, i.e., aging, may adversely affect the long-
term performance of the hybrid filter. Therefore, the authors
plan to perform the abovementioned uncertainty analyses to
evaluate how the proposed hybrid filter affects the harmonic
reduction and transformer loading capacity improvement
performance.

In future works, beyond the simulation-based analysis,
collaborations with industry partners may be explored to test
the proposed design in real-world installations or employ
hardware-in-the-loop (HIL) simulations for semi-physical
validation. Thus, the real-world applicability and reliability
of the proposed design will be further strengthened. Lastly,
the performance of the optimal hybrid filter designs incorpo-
rating different passive filter topologies will be investigated.
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