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ABSTRACT

The rising usage of power electronic converters linked to renewable energy sources has become a major source of
harmonics in power systems. Passive harmonic filters are an excellent solution for addressing this issue. How-
ever, these traditional filters have a problem linked to resonance frequency, which needs damping. This paper
introduces a Harmonic Blocking Filter (HBF) that consists of a shunt-connected Damped Double-Tuned Passive
Filter (DDTF) and a series component. Six different DDTF schemes are investigated: four single-resistor DDTFs
(SR-DDTF) and two double-resistor DDTFs (DR-DDTF). This study intends to perform harmonic mitigation and
increase PV penetration levels by obtaining parameters for each HBF system using the Autism-Based Optimizer
(ABO). The Harmonic Pollution Factor (HPF) is a power quality indicator used to assess and reduce the system’s
harmonic content. The findings show that the proposed HBF filter efficiently increases PV penetration in the

system while lowering harmonic levels.

1. Introduction

Harmonic distortions have a substantial impact on power system
components and customer devices. Harmonics reduce power quality and
increase system losses by up to 20 %. According to recent studies, in-
cremental power losses in distribution networks might vary from 4 to
8.5 % for different values of harmonics. Losses of the distribution system
change with nonlinear loads and can reach 110 % with 100 % harmonic
loads. A smart grid with 1-8 % Voltage Total Harmonic Distortion
(THDy) may experience losses ranging from 4.7 to 42.2 %. Harmonics
can be captured at the building, device, and levels of distribution and
inserted back into the system to fix deformed wave patterns, improving
the quality of power [1].

Several techniques of harmonic mitigation have been suggested and
used in recent years. Many industrial establishments use harmonic filters
to guarantee that they meet the harmonic restrictions set by the supply
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utilities [2]. Passive harmonic filtering is the most frequent harmonic
mitigation technology in power systems [3-10]. Its simplest form is the
single-tuned filter (STF) and its primary premise is to generate a low-
impedance path by resonance between the filter capacitor and reactor,
thereby preventing harmonics from penetrating the network. Various
filter topologies have been proposed to accommodate different appli-
cations, such as single-tuned, high-pass, c-type, double-tuned, triple-
tuned, etc [11-23]. The researchers are still working on other promising
topologies. Active harmonic filtering is a new harmonic elimination
technology that can provide a more flexible performance than passive
filtering [24-29]. The most basic active filtering is to extract the unde-
sired harmonics and inject an opposite signal back into the line for
cancellation. Although active harmonic filtering has been studied for
years, the number of projects applying this new technique is still limited.
The main reason is its high cost, low reliability, and excessive switching
loss; finally, hybrid harmonic filtering is proposed as a combination of
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passive and active harmonic filters [30-34]. The research’s main
intention is to minimize the capacity of the active filter and optimize the
performance of the passive filter. The passive part is generally designed
to reduce the dominant harmonics and support reactive power. The
active part addresses non-characteristic and high-frequency harmonics
with a low content. Among the above methods, passive harmonic
filtering is still preferable due to its simplicity, reliability, and economic
advantages, especially for the harmonic-producing loads above 1 MW
[35].

Among these solutions, passive harmonic filters remain the most
effective and feasible option for decreasing the distortions of harmonics
in systems of medium and high voltage (12 kV). Passive filters arise in a
variety of topologies, each with a unique frequency response. The single-
tuned and high-pass filters are considered the most prevalent. A single-
tuned filter filters a single harmonic, whereas high-pass filters remove
harmonics above specific frequencies. There are several categories of
high-pass filters, containing various orders such as first, second, and
third orders. The industrial practice utilizes multiple filter topologies to
get the desired harmonic filtering performance [2].

The traditional filter damping resistance design is insufficient to
ensure optimal leakage current attenuation and control system stability.
In comparison to the high-cost and complex active control methods,
passive damping is regarded as the simplest, most commonly used, and
least expensive method of reducing the filter resonance peak. In this
situation, the damping resistance is set to provide the appropriate
attenuation of the filter resonance peak, thereby enhancing the stability
[36].

The damping resistance is connected based on two methods,
including the parallel connections of resistors (LCL-P-R) and the series
connection of filter-based LCL and resistors (LCL-S-R) [37]. This
research has shown that introducing parallel damping resistors sup-
presses the effect of resonance and the component of THD better than
the type of series configuration [38].

Power networks have conventionally implemented harmonic filters
to minimize the effects of harmonic distortion and to diminish the
harmonic levels [37,39,40]. For example, research in [39] compared the
abilities and performance of passive and active filters in reducing har-
monics. Furthermore, it has demonstrated the merits and drawbacks of
each type. To choose the optimal filter design for domestic single-phase
applications, several strategies and various mitigating methods have
been examined [40]. The study assessed the dynamic and steady-state
outputs for the filters of active power, as well as the performance of
two regularly utilized methods of reference current extraction. Ac-
cording to the results, minimizing the %THD to less than 5 % was
attainable under the standard of IEEE-519 recommendations [41]. To
reduce the harmonic voltage, the researchers in [37] addressed the issue
in a power system that included the motor drives for both the roughing
mill and the finishing mill. By compensating for reactive power and
absorbing harmonics, a system of passive harmonic filters with suitable
and optimal size and capacity in a power system that includes a drive of
mill motor can offer a cost-effective solution. In [42], the diagnostic
technique is based on simulation, which investigates the effects of
environmental factors such as humidity and pollution levels and utilizes
LC equivalent circuits of various insulator types. The first stage in
developing LC waveforms is to experiment with different insulator
materials, such as advanced composite insulators, standard ceramic and
glass insulators, and hybrid RTV silicone rubber-coated and conducting
glazed insulators. The LC circuits of Suwarno’s and Kizilcay’s models are
then simulated, providing equivalent LC waveforms and properties. The
properties of each insulator and its environmental impacts are then
diagnosed using the values of the corresponding circuit parameters. The
findings indicate that composite insulators composed of SiR or epoxy
resin have a nonlinear resistance ranging from a few MQ to tens of GQ
and a greater intrinsic resistance of around 40 GQ. This suggests that the
insulators are very resistant to water and impurities on their surface. The
degree of severity of the insulator issue is expected to be revealed by
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comparing these attributes. Another approach to decreasing Total Har-
monic Distortion (THD) in the context of 5G VCO design is explored in
[43]. The study describes a unique Complementary Metal Oxide Silicon
(CMOS) ring oscillator that functions as a voltage controlled oscillator.
By combining the advantages of a current-starved ring oscillator with a
negative-skewed delay, the proposed design maximizes their respective
benefits. The suggested design uses a 1.15 V control voltage and a 2 V
supply voltage to produce a 9.35 GHz dominant frequency with a 13.82
% harmonic distortion between the inputs and outputs. The suggested
architecture may execute 5 G-based applications requiring high fre-
quency and low power by carefully selecting passive components within
the design.

In recent years, sources of renewable energy have received enormous
attention. Renewable energy is derived from natural resources that are
continually replenished and have a lesser environmental effect than
fossil fuels. The primary sources include: (solar energy, wind energy,
hydroelectric power, biomass energy, and so on). [44] Investigates the
potential of hydropower as a renewable energy source for the Maca-
ronesian islands, which include the Azores, Madeira, the Canary Islands,
and Cape Verde. Because of their distant location and existing reliance
on imported fossil fuels, these islands require an ecological shift to
renewable energy sources. The technique employed in this research
includes a SWOT analysis and a survey of relevant literature. The SWOT
analysis assesses the strengths, weaknesses, opportunities, and threats to
hydropower development on each island. The findings suggest that each
island has unique characteristics that influence its hydropower poten-
tial. Because of its rainfall and volcanic properties, the Azores already
has mini-hydropower plants and the potential for pumped storage sys-
tems. Madeira also uses hydropower, including the world’s first under-
ground pumped storage facility (UPHS) in Socorridos. However, there
are restrictions owing to the steep terrain and the struggle for water
supplies. The Canary Islands highlight the success story of El Hierro Is-
land, which greatly expanded renewable energy penetration with a wind
farm and pumped storage hydropower plant. Cape Verde’s geography
and lack of rainfall make hydroelectric production a substantial issue,
thus, the focus has switched to wind generation. The study finds that
hydropower can play an important role in the ecological change of these
islands. However, careful planning and awareness of environmental
elements are required to maximize advantages while minimizing po-
tential negatives. The report underlines the significance of conducting
island-specific studies and investigating possibilities for pumped storage
systems.

PV systems are recognized as a widely utilized and promising gen-
eration system across the world. Because these generators are connected
to the grid via power electronics converters, they may present some
harmonic level challenges, particularly in high penetration cases
[45,46]. Harmonic distortion in the PV system may be generated due to
intrinsic and extrinsic effects. Harmonics generated by such power
electronics-based technologies used in PV systems are regarded as one of
the most serious concerns that may arise, particularly when integrating
PVs at high penetration rates. Intrinsic harmonic distortions are caused
by inverter defects such as components and control loop nonlinearities,
measurement inaccuracies, and limited PWM resolution. Connection to
a weak and distorted electrical grid could be regarded as an extrinsic
influence on the PV system’s output waveform. The current waveform
that the inverter produces is distorted by a distorted voltage in the
control system.

PV systems use switching devices such as diodes, IGBTs, and thy-
ristors at the interface of the grid to send produced DC power to the
network of AC distribution. Because these devices are linked to
nonlinear loads, they generate harmonic voltages and currents at far
higher frequencies than the fundamental frequency, often many times
the fundamental frequency. Thus, it is vital to reduce these harmonics
that influence the system and might create various difficulties, such as
losses of power and limit the equipment life [47].

Several factors influence the power quality of the PV inverter’s
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current. Both current THD and reactive power are related to the output
active power levels, which vary with the solar irradiance levels. When
the level of irradiation is low, the value of current THD value increases
rapidly. But it decreases significantly as the output power of the in-
verters of PV growths and extends its nominal value, as the factor of THD
is inversely proportional to the inverters’ output for the PV. The current
distortion behavior in the PV system will be stated by the intrinsic
characteristics of the circuit of control and nonlinear components of the
PV inverter [48].

A detailed study of hybrid renewable microgrids’ harmonic analysis,
including the best passive filter design and uncertainties, was conducted
in [49]. Another area of research focuses on creating a filter-based shunt
active power in a practical test platform to enhance the quality of power
in a hybrid renewable energy system [50]. Similar studies in RES often
use filters and harmonic reduction techniques [51-53]. Issues with
power quality resulting from the integration of RESs’ wind and solar
energy systems have been examined in [54]. Research in [47] aims to
provide effective Passive harmonic filter modeling and application in
systems of power distribution, taking into account the influence of high
penetration of PV with non-linear loads. All previous methods and
techniques have a gap in reducing the THD for voltage and current
simultaneously with the presence of a high share of DGs.

Meshack Magaji Ishaya et al in [55] introduced a novel single-tuned
passive filter (STPF) that minimizes harmonics of the 5th, 7th, 11th,
13th, 17th, and 19th sequences in a three-phase power system. The
measurements were collected at the point of common connection. To
evaluate the filter’s performance, the system and STPF were developed
in MATLAB/Simulink, and the simulated results, with and without the
STPF, were examined. The STPF lowered THDI from 14.93 % to 4.87 %,
meeting the IEEE 519-2022 standard and effectively reducing har-
monics to the target level. The STPF was successfully adjusted to reduce
the harmonics of the fifth, seventh, eleventh, thirteenth, seventeenth,
and nineteenth sequences. Difficulties faced when designing the system
are mostly connected to the individual and overall harmonic distortion
restrictions for current and voltage at the PCC. As a result, the STPF had
the constraint of only eliminating harmonics one at a time and was
designed for a fixed nonlinear load, although the load frequency might
change quickly.

Similar to Aashish Jaiswal’s research in [56], this work presents
innovative harmonic mitigation approaches adapted for islanding set-
tings. These solutions include improved control algorithms, filter de-
signs, and modulation schemes that reduce harmonics and improve
overall system performance during islanded operation. Comparative
assessments of several mitigation options are offered, assessing their
effectiveness in reducing harmonic distortions while preserving grid
code compliance. The study adds new insights to the area of grid-
connected PV systems by providing a thorough knowledge of har-
monic difficulties during islanding occurrences and presenting novel
ways for mitigating them. The findings of this study are critical for
improving the dependability, stability, and power quality of PV systems
linked to the grid, allowing green energy sources to be added to the grid
without issue. The results show that the THD reduction is around 3 %
when compared to the present passive technique and existing active/
hybrid approaches, which have THD reductions of 4.5 % and 3.5 %,
respectively.

Bonolata Biswas Taya et al in [57] conducted this study by
comparing data from D-STATCOM and HAPF, with a focus on voltage
wave measurements, 3rd and 5th harmonics, and total harmonic
distortion. Three distinct capacitor banks with capacities of 40-kilovolt
ampere reactive (KVAR), 60 KVAR, and 80 KVAR were chosen as
benchmarks. MATLAB/Simulink software was used to collect all
required data for each of the capacitor banks mentioned above. HAPF
outperforms D-STATCOM in all areas of data analysis in this investiga-
tion. Although a simulation was run to see whether there would be any
differences with varying loads, no changes were found. This study in-
tends to make it easier to pick a suitable device for industrialization, as

Ain Shams Engineering Journal 16 (2025) 103479

failing to do so might have negative consequences for the system. The
study’s disadvantage is that, while the research was effective, it only
looked at one type of renewable energy system, in this case, wind power.
The research establishes the fixed specifications of this power system.

Therefore, this paper presents a comprehensive methodology for
designing a damped Harmonic Blocking Filter (HBF) as a harmonic
mitigation technology to be used after recognizing harmonics as a crit-
ical issue affecting PQ due to its benefits of cheap component cost, small
size, simplicity of design, affordability, and enhanced power quality.
The paper presents the design of HBF, which consists of two parts: a
series part and a shunt-connected part. The series part of the HBF is a
series inductor-capacitor combination for blocking harmonic currents.
The shunt part is a damped double-tuned filter (DDTF) with six schemes
of single and double resistors. The HBF provides an effective solution for
harmonic mitigation of power systems with a high share of DGs, such as
inverter-based PVs integrated with linear and non-linear loads. The re-
sults show that the THD for voltage for all DDTF schemes is about 1 %,
whereas the THD for current is less than 0.001 % for all schemes except
scheme D. As a result, the suggested HBF outperformed earlier tech-
niques in terms of harmonics reduction while maintaining high PV
penetration.

The rest of the paper is structured as follows: Section 2 describes the
system under study, the approach for modelling and designing the HBF,
and the problem formulation. Section 3 depicts the optimization tech-
nique. Section 4 examines the results and explains them in three sce-
narios: 1. when the system is not compensated, 2. with a shunt filter, and
3. with both a shunt and a series component filter. The paper is finally
concluded, and the future work is given in Section 5.

2. System formulation

Harmonics in power networks are caused by the integration of
renewable energy sources. To address this issue, passive filters are
commonly used for harmonic mitigation. This study introduces a novel
HBF that solves this problem and overcomes the limitations of tradi-
tional passive filters by combining a shunt-connected DDTF with a series
component, allowing for robust harmonic suppression while facilitating
higher PV integration. To enhance performance under diverse grid cir-
cumstances, the suggested HBF design analyzes six distinct DDTF
schemes, four single-resistor (SR-DDTF) and two double-resistor (DR-
DDTF). A crucial novelty is the use of the Autism-Based Optimizer
(ABO), a recently developed metaheuristic algorithm, to systematically
modify HBF parameters. This optimization method prioritizes two goals:
reducing harmonic distortion, as measure by the Harmonic Pollution
Factor (HPF), and increasing PV hosting capacity. Simulation findings
show that the proposed HBF not only dramatically decreases harmonic
levels, but also raises the PV penetration threshold, filling a major gap in
existing passive filter designs. The paper contributes to the field of
power quality management by proposing a scalable, optimization-
driven strategy to harmonic reduction, which directly supports world-
wide efforts to improve renewable energy integration in current grids.

2.1. System under study

The system under study and used in this paper is presented in Fig. 1.
In which the grid-connected combination of linear and non-linear load is
integrated with a high share of PV. This system has 49 harmonic sig-
natures. As shown in Fig. 1, the HBF consists of two parts: the series part
(Z5) and the parallel part (Z,), which is a DDTF. Apart from the HBF, the
system was utilized before to investigate the harmonic mitigation and
hosting capacity enhancement capabilities in [10], where the detailed
system parameters and harmonic signatures can be found.

2.2. HBF design

Passive filters will be employed in this investigation because they are
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Fig. 1. The circuit of the system under study.

simple and inexpensive. They are defined as a resonant circuit having a
low impedance at its tuned frequency that is trapped. Passive filters can
be linked in series, shunt, or parallel. Passive filters are often tuned at
frequencies with tolerable values of + 3 % to + 15 %, which differ from
the expected harmonic frequencies for suppression. The ratings of in-
ductors and capacitors may alter due to manufacturing tolerances
(usually + 8 % and + 5 % in capacitance and inductance, respectively),
which are sufficient for harmonic filtering [49]. The most important
criterion for designing this passive damping filter is that it does not
affect any other grid part. Therefore, the stability of the control system
should be guaranteed first [58]. Fig. 2 shows the six different schemes of
DDTFs. Schemes A, B, C, and D have a single damping resistor (SR-
DDTF), but schemes E and F have a double damping resistor (DR-DDTF).

The series part of the HBF is designed to act as a short-circuit at the
fundamental frequency. Hence, the series inductance (Ls) is optimized,
and then the series capacitance (Cs) is calculated to satisfy this condition
as follows:

. 1
fo ((Df) =] (a)fo 7@) =0 (1)

Where wy is the fundamental angular frequency.

The parallel part may be one of the six DDTF schemes (Schemes A-F);
hence, the DDTF is firstly designed as an undamped DTF described in
detail in [8], and then the DDTF is designed by narrowing the difference

Scheme (a)

Scheme (&)

between the DTF and DDTF impedance—frequency characteristics. This
is performed using a bi-level optimization algorithm as described in [8].
The parallel part parameters can be calculated as follows:

o\ 1wy | (@03 2)e? - eled o
A= Norws) "o T 020z : = ? “\r
102 wf W70, w; — w5

@

oo (T ) ®
:

L - wzicl @
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The source current (I;) and Point of Common Coupling (PCC) voltage
(V1) can be formulated as follows:

L=y ©

ScheTme ®

Fig. 2. Various configurations of DDTFs.
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Where h is the harmonic order.
The system Power Quality (PQ) indices are mathematically formu-
lated as follows:

_ Y o1 (Vi X In X cos(@h) )

PF 100% 8
Vi <L, OO ®
> Vi
THDy = Y% 9)
v Vi
[>T
h>2
TDD; = (10)
IML

The Harmonic Pollution Factor (HPF) was previously introduced in
[59]. It is considered a more generalized PQ metric as it depends on both
THDy and TDD;. Hence, minimizing HPF leads to the minimization of
both metrics. The HPF can be formulated as follows:

HPF = \/ THD?, + TDD} + (THD},*TDD?) an

The PV penetration level (PVP) is defined as the ratio between the PV
generator’s total apparent power (Spy) and the total system’s base power
(Shase) and can be expressed as follows:

SPV

base

PVP =

(€8]
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2.3. Problem formulation

The optimization is divided into two levels: higher-level and lower-
level objective functions. The lower-level objective function (OFy;)
and the higher-level objective function (OFg;) can be expressed as
follows:

OFLL(Ll s C17L2, Cz,R],RQ,Ls, Cg) = MiT'l(l'l‘laX(ACle7 Aa)x27 Aa)zh szz))
12

W:
OFHL(L17C1,L2, C27R17R27L5, Cs) = Min(Wl X HPF+—2) (13)

pvp

where Aw,, is the difference between the shunt filter’s first tuning fre-
quency as an undamped filter and the first tuning frequency at which its
reactance is minimal, while Aw,; is the difference between the shunt
filter’s first tuning frequency as an undamped filter and the first tuning
frequency at which its impedance is minimal, and W; and W, are
weighting factors. There are seven parameters for the first four schemes
(A, B, C, D) of the shunt HBF part, as they are SR-DDTF. However, there
are eight parameters for the other two schemes (E, F), as they are DR-
DDTF, hence, R is omitted from the optimization problem.

The optimization constraints (Cons) include the following:

Cony : 0 < L;,Cy,L,Co,R1, Ry, Ls,Cs < 1 14

Cony : PF > 92%

(15)

l
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i
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Fig. 3. Bi-Level optimization problem for the HBF design.
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Cons : THDy < 5% 1e6)

Cony : TDD; < 8% a7)

The following flow chart, shown in Fig. 3, better explains the bi-level
optimization process for designing the HBF.

3. Autism-Based Optimizer (ABO)

The Autism-Based Optimization (ABO) algorithm is an innovative
computational method that draws inspiration from certain cognitive
patterns associated with the autism spectrum, particularly the charac-
teristics of focused attention and systematic information processing. The
algorithm begins by creating a set of potential solutions distributed
across the search space, similar to how an individual might systemati-
cally scan their environment for information. It then employs two main
search strategies: a global search that explores broadly across the solu-
tion space and a local search that focuses intensely on promising areas,
mirroring the ability to shift between broad and focused attention
patterns.

The algorithm draws inspiration from several cognitive patterns
commonly observed in autism without making judgments about these
traits. One key characteristic is the ability to pay intense attention to
specific details while processing information systematically. In the al-
gorithm, this is reflected in how it searches through the solution space —
it can focus intensely on promising areas (exploitation phase) while
maintaining the ability to systematically explore new regions (explora-
tion phase). This mirrors how some autistic individuals might thor-
oughly examine specific aspects of a subject that interests them while
maintaining a systematic approach to understanding the whole.

The algorithm’s memory and update mechanism is inspired by the
often-observed pattern-processing abilities and strong systematic
thinking associated with autism. Just as some autistic individuals excel
at recognizing patterns and maintaining detailed information about
their interests, the algorithm maintains and updates a detailed memory
of the best solutions it finds. The transition between broad and focused
search behaviors in the algorithm is analogous to how attention patterns
can shift between different levels of focus — from broad environmental
awareness to intense concentration on specific details.

The social learning aspect of the algorithm, where solutions are
influenced by both individual experiences (local best) and group infor-
mation (global best), takes inspiration from how information processing
can involve both individual detailed observation and broader pattern
recognition. The control parameters that guide the algorithm’s behavior
parallel the way information processing can be regulated and adjusted
based on the specific needs of the situation.

The algorithm’s effectiveness comes from its ability to balance be-
tween exploration and exploitation phases, guided by certain control
parameters that gradually shift the focus from broad searching to fine-
tuning solutions. This transition is similar to how attention can be
initially broad but then become highly focused on specific details. The
algorithm maintains a memory of the best solutions it has found and
continuously updates this memory as better solutions are discovered.
The search process is further enhanced by incorporating information
from both the best-known solution and the average position of all so-
lutions, helping to maintain diversity while still converging toward
optimal results. This combination of features makes ABO particularly
effective for solving complex optimization problems in various fields,
from engineering design to feature selection in machine learning. The
optimizer code is available in [60].

Due to its distinctive bio-inspired design that mimics cognitive pat-
terns associated with autism, the Autism-Based Optimizer (ABO) offers
several advantages over conventional optimization algorithms. These
include: a dynamic balance between exploration and exploitation
(which outperforms algorithms such as Particle Swarm Optimization
(PSO) and Genetic Algorithms (GA), which may depend on static
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parameters or heuristics like fixed mutation rates that can lead to pre-
mature convergence or inefficient resource allocation), memory reten-
tion and continuous updates (which enhance stability in dynamic
environments, where algorithms like Ant Colony Optimization (ACO)
might overlook valuable historical data due to pheromone evaporation),
systematic and focused local search (which minimizes the risk of
becoming trapped in local optima compared to Simulated Annealing
(SA) or hill-climbing methods, which may lack systematic exploration
following initial exploitation), diversity maintenance through adaptive
parameter control (ABO is more user-friendly and robust across various
problem domains compared to algorithms like GA, which require user
input for mutation and crossover rates), and hybrid information (ABO
successfully prevents the premature convergence common in PSO and
GA by preserving population diversity longer, which is crucial for
complex, multi-modal problems). Consequently, ABO’s strengths lie in
its powerful memory processes, methodical yet adaptable search tactics,
and an adaptive balance of exploration and exploitation, all influenced
by cognitive qualities associated with autism. These characteristics
enable it to excel in complex, multi-modal optimization problems where
conventional algorithms may falter due to strict parameterization, low
variety, or premature convergence. ABO provides a unique perspective
on bio-inspired optimization by transforming human cognitive strate-
gies into a computational framework [60].

4. Results and discussion

The MATLAB software is utilized to simulate the studied problem,
which is depicted in Fig. 1. In this paper, an HBF with a parallel part of a
DDTF filter with its six schemes in a distribution system with a PV grid-
connected generator is designed. Three scenarios are examined. Sce-
nario 1: the uncompensated system; Scenario 2: when a shunt DDTF
filter only is connected to the system; and Scenario 3: when the system
harmonics are mitigated using HBF (both the shunt and series compo-
nents of the HBF are present). All these scenarios utilize ABO to obtain
the optimal HBF parameters. Those scenarios are better illustrated in
Fig. 4 as follows:

Scenario 1: The uncompensated system.

The uncompensated case scenario of the system is simulated such
that it does not include any DGs and with a gradual increase of DGs
penetration ratio specifically at 20 %, 40 %, 60 %, and 80 % to inves-
tigate the effect of increasing the inverter-based DGs penetration on the
system’s power quality and other performance indices. The obtained
results are shown in Table 1.

The PV generator (DG) is assumed to have a 0.95 PF lagging in all
cases. One can notice that as the penetration level increases, the PCC
voltage V| increases, THDV increases, TDDI increases, HPF increases as a
result, and finally, the PF decreases. There cannot be any PV penetration
in the first place, as the uncompensated case scenario without the
addition of any PV has system performance indices violating the IEEE
519 standards, and the penetration of PV will only make them worse.
Hence, this comparison is performed to verify this concept for this
system.

Scenario 2: Shunt only.

Six different DDFT filter schemes will be introduced in shunt to the
system, and a high share of DGs as PVs will be integrated with loads that
are both linear and non-linear to enhance the system performance and
power quality by reducing the voltage and current THD at the same
time. The ABO optimization technique is used to find the optimal so-
lution for each scheme of the shunt filter. Table 2 displays the param-
eters for each scheme of the shunt filter. The results of the system
utilizing a shunt filter only are tabulated in Table 3.

After connecting six different schemes of DDTF, we can notice that
the value of THDV and TDDI decreases compared to the uncompensated
system. For instance, if we see the results of Scheme A, we can noticed
that, the THDV decreases from 16.0514 % to 1.455 %, and TDDI de-
creases from 4.4561 % to 1.8291 %. This means that the new DDTF filter
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Scenario 1: Simulate the
uncompensated system

Scenario 2: Simulate the system
with Shunt filter only

Scenario 3: Simulate the system
with TIBF

With 60% PV.
With 80% PV.

(Schemes A-F) are compared
w.r.t. HPF values .

e Calculate the maximum HCye .
value in this case.

With //Cy=0 (NO PV). e Display the ABO-optimized e Display the ABO-optimized
With 20% PV. shunt DDTF results. HBF results.
With 40% PV. e The DDTF’s six schemes e With the shunt part’s six

schemes (Schemes A-F) are
compared w.r.t. HPF values .
Calculate the maximum HCpe
value in this case.

Fig. 4. The three investigated scenarios are in the manuscript.

Table 1
Scenario 1: Uncompensated system results without any DGs in the system.

Parameters Uncompensated Case
Without any 20 % 40 % 60 % 80 %
DGs
Vi, (p.u.) 0.95757 0.96585 0.97322 0.98015 0.98684
THDV (%) 16.0514 16.3195 16.1398 15.8159 15.4633
TDDI (%) 4.4561 4.6064 4.7431 4.8675 4.9817
HPF (%) 73.4404 77.0633 78.3791 78.7423 78.7286
PF (%) 87.1501 81.39 70.997 51.3863 17.5933

is very appropriate for mitigating the harmonics and enhancing the
system’s power quality.

Scenario 3: HBF-compensated system.

In this scenario, a hybrid damping method that combines a shunt
DDTF and a series part is connected to the system with a high share of
DGs such as PV systems, which ensures the stability of the system by
reducing THD for voltage and current at the same time and improving
the power factor of the system. Tables 4 and 5 show the filter parameters
and the results of the compensated case.

The THD results in Tables 3 and 5 for voltage and current harmonic

Table 2
Scenario 2: Shunt Filter parameters.

distortion show that the current and voltage THD after applying the
hybrid filters is lower than the scenario of the shunt filter only. For
instance, in scheme A, the value of TDD; was 1.8291 % in the case of the
shunt filter only and fell to 0.00031563 % after adding the series part.
The THDy value was 1.4551 % and has now dropped to 1.086 %. All
THD values for current and voltage are reduced in the other schemes,
and they are all less than the IEEE-519 standard’s acceptable limit of
5—8 %, according to the IEEE-519 standards. As a result, our proposed
techniques demonstrate the effectiveness of using a hybrid damping
approach that combines a shunt DDTF and series component harmonic
filters to reduce harmonics even in cases with high penetration of DG,
such as systems of PV.

Figs. 5 and 6 illustrate the THDy in the six schemes in two cases:
shunt filter only and with the HBF. In Fig. 5, the uncompensated case’s
THDy as well as the maximum allowable limit implied by IEEE 519 are
also shown. It is evident that Scheme D is the worst scheme in THDy;
hence, it will not be included in Fig. 6. The maximum allowable limit
and the uncompensated case will also be excluded from Fig. 6 for better
clarification of the values of the other schemes (Schemes A, B, C, E, F).
From Fig. 6, it is evident that for the shunt filter case, Scheme F is su-
perior compared to the other schemes in lowering THDy value, while all
the schemes achieve lower values of THDy in the HBF case compared to

Components ABO optimizer
Scheme A Scheme B Scheme C Scheme D Scheme E Scheme F
Ly (H) 7.3598*10°° 7.0433*10°° 2.4105*10°° 0.001988 8.3613*10° 7.1646*10°°
Ly (H) 5.9843%10% 2.7641%107* 1.1830%10™* 0.00670 6.5623%107 6.9474%10°
C, (F) 0.001056 0.001483 0.001097 6.5300%10 0.001054 0.0011435
C, (F) 0.1076399 0.0091639 8.9386*10™ 3.3674*10°° 0.011449 0.00901
Ry () 1.1950%10° 6.1526%10° 10%10° 1 8.6411%10° 10*10°
Ry (Q) - - - - 8.7652*10° 2.2631*10°
hy 35.3945 1.85499 6.3553 1.3340 30.3448 31.4552
hy 40.4446 33.5752 30.1447 44.3646 41.0151 44.9555
Inverter phase angle —13.1704 —15.9470 —17.7224 —16.9334 —14.7820 —15.65445
Qshunt 4.8944 5.1530 5.0136 2.9559 4.8753 5.30319
Myparatel 39.6602 2 9.7885 21.1861 36.7227 40.2118
Table 3
Scenario 2: Shunt filter only results.

Scheme ABO Optimizer

V. (p.u.) THDy % TDD; % P.F% HPF% PV Penetration %
Scheme A 0.99259 1.4551 1.8291 98.0143 3.5421 72.4946
Scheme B 0.99213 1.3273 1.8135 98.0814 3.2931 72.3107
Scheme C 0.98906 2.3956 1.8251 97.7642 5.3093 65.7546
Scheme D 0.97428 7.2603 2.6757 91.8429 20.9104 38.3161
Scheme E 0.99043 1.4771 1.8021 98.0251 3.5377 68.0171
Scheme F 0.99374 1.305 1.8115 98.7497 3.2515 75.0256
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Components ABO optimizer

Scheme A Scheme B Scheme C Scheme D Scheme E Scheme F
L, (H) 5.8817%10° 5.3689%10° 5.3913%10° 0.002417 4.8724%10°° 5.7721%10°
Ly (H) 1.1397%10°° 1.1804%10°° 9.5099%107 0.01445 5.8055%107 4.3020%107
C (F) 0.00117 0.0012 0.0011 3.3489%10™ 0.00116 0.00109
Cy (F) 0.00655 0.00648 0.0094 2.9748*10° 0.01562 0.0227
Ry () 7.4610%10° 7.24741%10° 10*10° 1 10%10° 9.8129*10*
Ry (Q) - - - - 9.8403*10° 3.3013*10°
hy 30.3150 30.275 30.0249 1.3348 31.0245 30.4947
hy 46.5949 47.6452 46.1248 40.685 45.5953 42.2548
Inverter phase angle —~17.5847 —~16.22719 —12.0943 17.7268 -15.5279 —~14.4739
Qshunt 5.4273 5.58348 5.1165 1.5530 5.3924 5.0834
Mparatiet 36.8125 36.39199 33.5094 15.3520 33.4234 32.2028

Table 5 the shunt filter scenario. All schemes in Fig. 6 achieve very close values

able

Fully compensated system Results.

of THDy; however, Scheme E is proven superior in this regard.

Fig. 7 illustrates the TDDy in the six schemes in two cases: shunt filter
only and with the HBF. In Fig. 7, the uncompensated case’s TDDj as well
as the maximum allowable limit implied by IEEE 519 are also illustrated.
A logarithmic scale is used for better presentation of both shunt-only and
HBF cases, as the values vary over a wide range. Scheme D is the worst
scheme in TDD;. From Fig. 7, it is evident that for the shunt filter case,
Scheme E is superior compared with other schemes in lowering TDD;
value with a very small difference between it and the rest of the schemes
(A, B, C, F), while all the schemes achieve lower values of TDD; in HBF
scenario compared with the shunt filter scenario. For the HBF scenario,

Scheme ABO Optimizer
THDy % TDD; % P.F% HPF% PV Penetration %
Scheme A 1.086 0.00031563  93.5118  1.086 80.6631
Scheme B 1.0561 0.00026932  99.6823  1.0561  81.3394
Scheme C  1.1978 0.0010927 99.3911 1.1978  81.699
Scheme D  9.036 0.3765 97.5876  9.036 86.8494
Scheme E 1.0255 0.00026438  97.7009  1.0255  81.3095
Scheme F 1.1884 0.00026532  96.1889  1.1884  96.1889
18
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Fig. 5. THDy comparison in the systems with shunt filter only and with HBF, including all schemes, the uncompensated case, and the maximum allowable limit by

IEEE 519.

2.5

Shunt only

With HBF

BScheme A BEScheme B BScheme C BScheme E BScheme F

Fig. 6. THDy comparison in the systems with shunt filter only and with HBF including Schemes A, B, C, E, and F.
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0.001

0.0001
Shunt only

With HBF

B Scheme A BScheme B @ Scheme C OScheme D BScheme E B Scheme F BUncompensated B Max. allowable limit

Fig. 7. TDD; comparison in the systems with shunt filter only and with HBF, including all schemes, the uncompensated case, and the maximum allowable limit by

IEEE 519 in logarithmic scale.

Scheme E is proven superior.

Fig. 8 illustrates the HPF in the six schemes in two cases: shunt filter
only and with the HBF. In Fig. 8, the uncompensated case’s HPF as well
as the maximum allowable limit are also illustrated. The maximum
allowable limit of HPF is calculated from the IEEE 519 maximum
allowable limits for THDy and TDD;. A logarithmic scale is used for
better presentation of both shunt only and HBF cases, as the values vary
over a wide range. It is evident that Scheme D achieves the highest HPF
value. From Fig. 8, it is evident that for the shunt filter case, Scheme F is
superior compared with other schemes in lowering HPF value with a
very small difference between it and schemes (A, B, C, E), while all the
schemes achieve lower values of HPF in HBF scenario compared with the
shunt filter scenario.

For better displaying the differences between the schemes, especially
in the HBF scenario, Fig. 9 illustrates the HPF in all schemes except
Scheme D in two cases: shunt filter only and with the HBF. All Schemes
displayed in Fig. 9 achieve low HPF values; however, Scheme E is the
best by a relatively small difference between the other schemes.

The comparison between the different schemes with respect to the
PVP is illustrated in Fig. 10. Scheme F is shown to be superior in both
scenarios. Scheme D is the worst scheme in the shunt filter case. While
all the schemes achieve a high PVP value due to the low value of HPF in
the HBF case.

5. Conclusions and future work

This paper presented an HBF filter composed of a series part that is an

L-C combination and a shunt part that is a DDTF with six schemes and
with a high penetration of PV DGs. Compared to the conventional
composite passive damping method, the proposed hybrid damping
method can eliminate almost all current harmonics while also lowering
THDy below the accepted limits of 5 % according to IEEE-519 standard.
The harmonic distortion is injected into the system from non-linear
loads, grid/source harmonics, and PV harmonics are measured and
analyzed before and after the specified filters are applied. Initially, the
uncompensated system is studied without any filters connected.
Following that, the shunt filter is connected to overcome the issue of
high HPF levels. Finally, the system is investigated after incorporating
the HBF. A single-objective optimization technique was used to design
optimal DTF filters. Then a multi-objective optimization technique was
used to achieve the objective of minimizing HPF and maximizing PV
penetration simultaneously. The optimization technique used was the
Autism Based Optimizer (ABO). The programming platform used for this
purpose was MATLAB 2016b. The system was initially studied and
tested in its base case (uncompensated) without adding DG units, and
then increasing gradually. Observations revealed that as demand
increased, so did harmonic distortion. A solution was necessary to
maintain harmonics at the desired levels, especially considering the
growing penetration of PV injected into the grid. The HBF filter was
designed to address the issue. From the results, we can notice that all the
schemes except scheme D achieve a high PVP value with a low value of
HPF in all scenarios of DTFs. Based on the results obtained from these
techniques, the best-performing schemes of those six schemes (scheme E
and scheme F) will be chosen for real-life implementation. Then, in

HPF %
)

Shunt only

With HBF

B Scheme A BScheme B @Scheme C OScheme D B Scheme E B Scheme F BUncompensated B Max. allowable limit

Fig. 8. HPF comparison in the systems with shunt filter only and with HBF including all schemes, the uncompensated case, and the maximum allowable limit in

logarithmic scale.
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HPF %

Shunt only

With HBF

BScheme A BScheme B BScheme C BScheme E  BEScheme F

Fig. 9. HPF comparison in the systems with shunt filter only and with HBF, including all schemes, various environmental factors, except for Scheme D.

100

PVP %
P (o)
(=] (==

Shunt only

With HBF

BScheme A BScheme B BScheme C OSchemeD BESchemeE BSchemeF

Fig. 10. PVP comparison in the systems with shunt filter only and with HBF, including all schemes.

conclusion, it is very clear that by considering the magnitude of HPF, PV
penetration level, system PF, and other PQ metrics, HBF proves its su-
periority. As part of our future work, we want to install and test the
proposed filter in a real-world power distribution network to ensure its
performance under practical conditions. This procedure will improve
and reinforce the reliability and applicability of our results. Moreover,
Future works may include harmonic signatures for other DG or distrib-
uted storage (DS) systems, such as fuel cells, etc.
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