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Abstract
AI-driven metaheuristic optimization algorithms
have demonstrated strong potential in solving
complex, high-dimensional engineering design
problems. This paper applies and systematically
compares three representative swarm-intelligence
and evolutionary computation methods— particle
swarm optimization (PSO), whale optimization
algorithm (WOA), and grey wolf optimizer
(GWO)—to the parameter design of LCL filters
in single-phase grid-tied inverter systems, a
class of problems characterized by nonlinear
constraints and competing performance objectives.
A structured optimization framework is developed,
incorporating an objective function targeting total
harmonic distortion (THD) minimization and
three engineering constraints governing inductance
bounds, damping power loss, and resonance
frequency range. Computational and simulation
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results analyzed under multiple operating
conditions—including step-change transients and
weak-grid short-circuit faults—demonstrate that
PSO achieves superior convergence behavior, lower
fitness values, and better robustness compared to
WOA and GWO, while ensuring full compliance
with IEEE 519 harmonic standards. The findings
provide quantitative insights into the comparative
computational performance of these algorithms
on a constrained continuous optimization problem
with direct industrial applicability.
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AI-driven optimization, metaheuristic algorithms,
constrained parameter optimization, LCL filter design,
weak grid.

1 Introduction
LCL filters are widely employed in distributed energy
generation systems, including grid-connected
inverters (GCIs), owing to their remarkable
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high-frequency (HF) rejection capabilities, small form
factor, and cost-effectiveness [1, 4]. These advantages
have been demonstrated across both three-phase [2, 3]
and single-phase converter configurations [5, 6].
Designing an accurate and dependable LCL filter
is essential for realizing reduced costs, improved
filtering performance, and high-quality current.

The traditional approach to LCL filter design relies
on trial-and-error methodology. This method
first determines the component boundaries based
on constraints such as total harmonic distortion
(THD), current ripple, and impedance stability
considerations [5, 6, 8]. The damping design of the
LCL filter further requires careful selection of passive
damping elements to limit resonance amplification
across a wide range of filter configurations [7]. The
filter parameter design also requires establishing
safe operating regions for the current controller to
ensure stability across both grid-side and inverter-side
control modes [6]. Then, a specific configuration of
filter components is chosen and implemented in the
real-world system. If the necessary grid connection
requirements are not met, the LCL filter components
and control parameters are iteratively adjusted and
validated against multiple constraints—including
stability, resonance suppression, and bandwidth
margins—until the design goals are achieved [9–
12]. Recent research has explored enhancements
to this trial-and-error method. For instance, [13]
proposed an optimal ratio between switching and
resonance frequencies, considering a broad range of
design limitations, which effectively narrows the set
of possible solutions. Reference [14] further proposes
an optimum capacitance selection method based on
reactive power compensation, minimizing the total
filter inductance while satisfying IEEE-519 harmonic
limits. References [15] and [16] also suggest some new
and improved constraints. The trial-and-error method,
despite its ability to reduce the range of potential filter
components values, has notable limitations. Therefore,
the filter configurations in each iteration are selected
based on the engineer’s subjective judgment and past
experience, and the ultimate LCL component values
may be established after numerous trials. Thismakes it
challenging to predict the performance of the LCL filter
design. Furthermore, the resulting component values
may not always be the optimal solution, as they merely
represent a set of solutions that satisfy the verification
conditions [17].

In addition to the traditional trial-and-error approach,
there are more advanced methods for designing LCL

filter components. One such method is the iterative
approach, which involves gradually adjusting the
constraints of a defined governing equation, such
as the harmonic distortion in the current [17] or
the current ripple [18], to find the appropriate filter
components that meet all the criteria. However, like
the trial-and-error method, the iterative approach
has certain limitations. On the other hand, the
graphical approach can also be employed for filter
component design [20]. This approach involves
creating a graphical representation of the relationships
between the filter components and key measurements
like damping ability, sizes, and budget. The resulting
graph provides a visual interaction curve that allows
for the selection of the optimal filter components
based on the desired performance requirements.
Such optimization-oriented design strategies are
particularly valuable under variable grid conditions,
including weak grids [19].

Additionally, genetic algorithm-based optimization
techniques have been explored for LCL filter
component design. These approaches use developed
optimization techniques with different constraints
to model the LCL filter components. The THD [21]
and the current ripple rate [22, 23] are incorporated
as components of the multi-objective optimization
function. The LCL filter components are then
optimized using genetic algorithms and particle
swarm optimization (PSO), respectively. However,
the authors have not established the upper and lower
boundaries for the LCL filter components, which
could result in a higher cost and a larger LCL filter.

The existing design methodologies for LCL filters
confront several substantial obstacles. Firstly,
the design progression lacks a comprehensive
examination of the damping factor, which remains a
crucial determinant in ascertaining the LCL filter’s
resonance frequency. Secondly, industry standards
such as IEEE 519 [24] and IEEE 1547 [25] impose
restrictions on the THD of the current, in addition
to the harmonic distortion within defined frequency
bands, as depicted in Table 1. Ultimately, to minimize
the expense of the LCL filter, the design components
and damping mechanism must operate effectively
under grid disturbances and tolerate fluctuations
in the control signal. This is crucial for ensuring
cost-effectiveness and reliable operation. However,
previous studies have not adequately addressed these
aspects [26].

In recent years, AI-driven metaheuristic algorithms
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Table 1. IEEE 519 harmonic limits for injected current [24].
Harmonic-order (h) (h) < 11.0 11.0 ≤ (h) < 17.0 17.0 ≤ (h) < 23 23.0 ≤ (h) < 35.0 35.0 ≤ (h) THD
Current ratio (%) 4.0 2.0 1.5 0.6 0.3 5.0

Figure 1. Single-phase GCI with LCL filter: (a) system diagram (b) equivalent diagram.

have emerged as powerful computational tools for
resolving complex engineering design problems,
including LCL filter parameter optimization for
grid-connected inverters [19–22], particularly under
variable grid conditions where conventional analytical
methods prove insufficient. These algorithms
surpass traditional design techniques by exploiting
distinctive computational search strategies—including
swarm intelligence, evolutionary computation, and
bio-inspired behavioral modeling—to efficiently
navigate high-dimensional, nonlinearly constrained
solution spaces. This paper focuses on three
representative algorithms: the grey wolf optimizer
(GWO) [29], which models the hierarchical
hunting behavior of wolf packs; the particle swarm
optimization (PSO) [28], which simulates collective
social intelligence in bird flocking; and the whale
optimization algorithm (WOA) [27], which replicates
the spiral bubble-net feeding strategy of humpback
whales. A rigorous computational comparison of
these three algorithms is conducted with respect
to convergence speed, fitness value, parameter
quality, and system robustness under transient and
weak-grid conditions, using Simulink/MATLAB as
the simulation platform.

The remainder of the work is constructed as follows:
Section 2 presents a comprehensive explanation of the
modeling and analysis of the LCL-filtered single-phase
GCI. The objective functions and constraints governing
the design of the LCL and damping components are
outlined in Section 3. Section 4 introduces the specified
MHTs and presents their mathematical formulations.
The selection of the optimum values and the effect

of simulated MHTs are shown in Section 5. The
simulation results under different grid conditions are
given in Section 6. In conclusion, a summary of the
key findings is presented in Section 7.

2 Harmonic Current Behavior in Single-Phase
GCI with LCL Filter

Figure 1(a) shows a single-phase grid-tied inverter
system using an LCL filter. The inverter, powered by a
DC source representing a renewable energy source,
produces an AC voltage (vi). This voltage is then
filtered by the LCL filter, which consists of an inductor
(L1) on the inverter side, a capacitor (C), and an
inductor (L2) on the grid side. The currents in the
system are labeled as follows: i1 for the inverter side
current, i2 for the grid side current, and ic for the
capacitor current. For simplicity, the grid inductance
is combined with the LCL filter’s grid-side inductance
(L2), assuming the grid voltage (vg) is equal to the
point of common coupling (PCC) voltage (vpcc).
Simplifying Figure 1(a) results in Figure 1(b), where
the transfer function from the inverter voltage vi(s) to
the grid current i2(s) is provided by [30]:

GLCL(s) = Gi2(s) =
I2(s)

Vi(s)
=

1

L1L2C
· 1

s2 + ω2res
(1)

where ωres denotes the angular resonance frequency
and is outlined as:

ωres =

√
L1 + L2

L1L2C
or fres =

1

2π

√
L1 + L2

L1L2C
(2)
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Figure 2. Frequency response of GLCL(s) and GLCLd
(s).

In Figure 2, the solid line depicts the frequency
response of GLCL(s) according to (1). A high
resonance peak is observed at the resonance frequency
fres, which results in a sharp phase step down
of −180◦. From a control standpoint, this −180◦

crossover is negative, and it will result in two
closed-loop right-half-plane poles, which cause system
instability [31]. In order to prevent the negative−180◦

crossover and maintain system stability, the resonance
peak must be reduced below 0 dB. To dampen the
resonance peak, an s term must be added to the
resonant terms in the denominator of (1), which
gives [32]:

GLCL_d(s) =
I2(s)

Vi(s)
=

1

L1L2C
· 1

s2 + 2ζsωres + ω2res(3)
where ζ is the damping ratio. The dashed line in
Figure 2 represents the Bode diagram of GLCL_d(s)
in accordance with equation (3). It is clear that
adding the damping term successfully suppresses
the resonance peak of the LCL filter. The passive
damping method is a straightforward way to dampen
the resonance by inserting a resistor into the filter
system. There are six standard passive-damping
options based on the resistor position [31].
This work selects the non-edge damping of capacitor
series resistance as depicted in Figure 3(a), where
vi1 and vih are the fundamental and harmonic
components of the input voltage of the LCL filter,
whileRd is the resistor used to attenuate the resonance
frequency. The main goal of LCL-filter design is
typically the attenuation of HFs. At the initial stages
of the LCL-filter design process, the fundamental

components of the input voltage of the LCL filter and
the grid voltage are ignored as shown in Figure 3(b).
The transfer functions from the harmonic components
of the input voltage to i1 and i2 are given as follows:

Gi1h/vih(s) =
I1,h(s)

Vi,h(s)

=
L2Cs

2 +RdCs+ 1

L1L2Cs3 + (L1 + L2)RdCs2 + (L1 + L2)s

(4)

Gi2h/vih(s) =
I2,h(s)

Vi,h(s)

=
RdCs+ 1

L1L2Cs3 + (L1 + L2)RdCs2 + (L1 + L2)s

(5)

δi2h/i1h(s) =
I2,h(s)

I1,h(s)
=

RdCs+ 1

L2Cs2 +RdCs+ 1
(6)

The transfer function in equation (6) reflects the
attenuation capability of the LCL filter for a defined
harmonic frequency, showing the relationship between
the currents in the inverter side and the grid side of
the LCL filter. This transfer function will be used to
build the subsequent optimization problem.

3 Parameter Optimization of LCL-filter
3.1 Optimization Variables and Constraint

Conditions
The inverter-side inductor L1, capacitor C, grid-side
inductor L2, and damping resistor Rd are the four
variables chosen to be optimized in this work. The
effectiveness of the LCL-filter component optimization
might be considerably enhanced if an intelligent
method is used to choose the appropriate ranges to
consider for the components to optimize.
Regarding the total inductance LT , a high value
improves the LCL filtering performance since it
decreases the current ripples. Nevertheless, the total
inductance should not be too high since it would lower
the power factor and progressively raise the voltage
drop across the inductor, both of which would reduce
the power transmission capability of the inverter. As a
result, the LCL-filter total inductance LT has an upper
limit:

Lmax =
αU2

gm

ωLPN
(7)
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Figure 3. Equivalent Circuit of LCL-filtered GCI including passive damping.

where ωL = 2πfL is the angular fundamental
frequency of the grid, Ugm is the peak value of the
grid voltage, PN is the rated active power, and α is
the maximum allowable ratio of the inductive voltage
drop to the grid voltage (typically α = 0.1, i.e., 10%).
Therefore, the total-inductance range to consider for
the optimization is (0, Lmax).
The possible ranges of the inductances in the inverter
side L1 and the grid side L2 should also be established.
The inductor ripple current has to be kept to a limit
because it increases the switching and conduction
losses in the inverter switches. Furthermore, because
the capacitance is low at HFs and the filter capacitor
provides the discharge path for the HF harmonics, the
capacitor C and the grid-side inductor L2 have a low
parallel impedance. The parallel impedance between
C and L2 is negligible due to the low inductance of
L2 in the low-frequency (LF) region. Therefore, the
amount of the L1 ripple current is mostly determined
by the size of the inverter-side inductor. Generally, the
L1 ripple-current amplitude IL,1,peak must be less than
20% of the current peak value Igm. As a result, the
lower limit of L1 is given as follows:

L1,min ≥
UDC

2∆IL,1,peakfsw
(8)

where fsw is the switching frequency. As a result, the
possible boundaries of L1 and L2 are found to be L1 ∈
(L1,min, Lmax) and L2 ∈ (0, Lmax).

Lastly, the possible range for the capacitor C is also
defined. Increasing filter capacitance increases the
capability of the LCL filter to attenuate HF signals.
However, a high capacity will cause the reactive power
to rise, which will result in a low power factor for the
overall system. Hence, for the single-phase system
considered here, the reactive power generated by the
filter capacitance must normally not be greater than

5% of the rated active power, i.e.,

ωLCv
2
g,rms < 5% · PN (9)

where vc is the filter capacitor voltage. The root mean
square (rms) value of the grid voltage vg,rms is utilized
to set the upper bound of the filter capacitor because
the voltage drop across L2 is negligible and may be
disregarded. The capacitance maximum value is then
determined as:

Cmax <
PN

ωLv2g,rms
(10)

Therefore, the viable limit for the capacitor is C ∈
(0, Cmax).

3.2 Objective Function
Optimizing the LCL filter components requires the
following considerations:
• When optimizing the LCL filter components,

it’s important to consider the impact of the
current controller. By carefully tuning the
current controller, we can significantly reduce LF
harmonic contents in the injected current. This is
because the controller primarily operates on LF
signals due to its limited bandwidth.

• Meeting the THD limit for current is a significant
challenge. As Table 1 illustrates, if THD reduction
isn’t a primary design goal for the LCL filter, the
resulting current distortion may not comply with
grid integration standards like IEEE 519.

Given these facts, this paper focuses on the importance
of the THD of the current in the LCL-filter component
design. To meet the criterion for the THD limit of the
current, equation (6) is modified to achieve minimum
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current attenuation proportional coefficient in the
complex frequency domain as:

min |δ(ωn)| = RdCjωn + 1

−L2Cω2
n +RdCjωn + 1

(11)

=
(h+ 1)RdCjωn + h+ 1

h+ 1− L2Cω2
n + (h+ 1)RdCjωn

(12)

where h represents the harmonic order and ωn denotes
the nth harmonic angular frequency. The value
of equation (11) should be near zero for effective
harmonic minimization. A value that is close to zero
indicates that the magnitude of each current harmonic
h1, h2, h3, . . . , hn in i2,h is reduced to nearly zero.

3.3 Constraint
3.3.1 Constraint 1
To ensure that the overall inductance is below Lmax,
the algorithm should follow the following equation for
the two-inductance value:

L1 + L2 ≤ Lmax (13)

3.3.2 Constraint 2
The key concern for passive damping is the amount of
power loss due to the damping resistor [31]. For the
single-phase system considered in thiswork, the power
dissipated in the damping resistor Rd connected in
series with the filter capacitor is given by the following
equation, which is used to ensure that the loss remains
below the prescribed limit PL,min and to bound the
admissible range of Rd:

PL,min = Rd
v2g

R2
d +

1

ω2
LC

2

(14)

where ωL is the angular fundamental frequency of the
grid.

3.3.3 Constraint 3
In general, a low value of the LCL-filter resonance
frequency fr increases the LF current harmonics in
the current, while a high value causes the current
harmonics to increase near the switching frequency
fsw. Hence, the fr should be in the medium-frequency
range, above the controller bandwidth but below the
switching frequency. Thus, fr should be calculated to
fall within the following range:

10fL < fr < 0.5fsw (15)

4 Metaheuristic Optimization Techniques
This work utilizes threeMHTs –WOA, PSO, andGWO–
to optimize the components of LCL filter and damping
resistor. A detailed description of each algorithm is
provided below.

4.1 Whale Optimization Algorithm

Figure 4. Flowchart of WOA [27].

TheWOA is an advancedMHA inspired by the unique
hunting strategy of humpback whales, known as the
spiral bubble net feeding method [27]. In this method,
whales create distinctive spiral-shaped bubbles to
encircle and trap their prey. The flow chart for WOA
is illustrated in Figure 4. The agents in the algorithm
randomly follow the prey (optimal solutions) based
on their relative positions. This dynamic following
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behavior is mathematically represented through two
main mechanisms: the spiral revised location and the
decreasing encircling method. These mechanisms are
described in [27] and are formulated as follows:

X(t+ 1) =

X
∗(t)− ~A~D if p < 0.5

D′ebl cos(2πl) +X∗(t) if p ≥ 0.5
(16)

~D = | ~BX∗i (t)− ~X(t)| (17)

~A = r ~B − ~ro (18)

where X(t+ 1) is the position of the whale at the next
time step,X∗ is the current position of the best solution
found so far, p is a random number in the range [0, 1],
~D and D′ represent the distance between the whale
and the prey, ~A and ~B are coefficient vectors.

4.2 Grey Wolf Optimization
The GWO is designed to mimic the common
hierarchy and collaborative hunting mechanism of
grey wolves [29]. This MHA uses mathematical
models to simulate the way wolves encircle and hunt
their prey. The flow chart for GWO is shown in
Figure 5. The key equations of the GWO are structured
to represent the movements of different wolves in the
pack towards the prey, based on their social ranking:
Equation (19) calculates the distance D between a
wolf’s current position X(t) and the prey’s position
Xp adjusted by coefficient vectors A and B.

D = |BXp −AX(t)|ω (19)

Equation (20) updates the wolf’s position:

X(t+ 1) = Xp(t)−ADω (20)

The positions of alpha (Xα), beta (Xβ) and delta (Xδ)
wolves are updated using their respective equations to
simulate their influence on the hunt:
Equation (21) for the alpha wolf (X1):

~X1 = ~Xα −A∗1( ~Dα)ω (21)

Equation (22) for the beta wolf (X2):

Figure 5. Flowchart of GWO [29].

~X2 = ~Xβ −A∗2( ~Dβ)ω (22)

Equation (23) for the delta wolf (X3):

~X3 = ~Xδ −A∗3( ~Dδ)ω (23)

Finally, the position of any wolf within the pack is
updated by averaging the positions influenced by the
alpha, beta, and delta wolves, as given in equation
(24):

~X(t+ 1) =
X1 +X2 +X3

3
(24)

where X(t + 1) represents the wolf’s location at
the subsequent time step, D represents the distance
between the wolf’s current location and the prey,
influenced by the dynamic coefficients A and B.

4.3 Particle Swarm Optimization
The PSO algorithm is a population-based optimization
tool that simulates the social behavior observed in
flocks of birds or schools of fish [28]. In PSO, each
individual within the swarm represents a particle that
adjusts its position in the search space according to
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Figure 6. Flowchart of PSO [28].

its own experience and that of its neighbors. The
flow chart for PSO is shown in Figure 6 [28]. Each
particle aims to find the optimal solution by adjusting
its trajectory towards two key positions:
Pi : The best position visited by the particle itself so
far, determined by:

Pi = arg min [f(Xi)] (25)

where f(Xi) is the value of the objective function at
the particle’s position Xi.
Gi : The best global position discovered by the entire

swarm at iteration i, defined by:

Gi = arg min [f(Xi)] (26)

The velocity of each particle is updated as follows:

Vi+1 = ωVi + c1r1 (Pi −Xi) + c2r2 (Gi −Xi) (27)

where ω is the inertia weight which controls the
particle’s previous velocity, contributing to the
momentum of the particles. The constants c1 and
c2 are acceleration coefficients that control the
relative influence of the personal best and global
best, respectively. r1 and r2 are random variables
uniformly distributed within [0, 1], introducing
stochastic elements to the velocity. The position of
each particle is updated as follows:

Xi+1 = Xi + Vi+1 (28)

Equation (28) adjusts the particle’s position (Xi+1)
based on its updated velocity (Vi+1), effectively
moving the particle through the search space.
Equations (27) and (28) allow the PSO algorithm to
navigate efficiently through the search space toward
the optimal solution, adapting based on individual
and global experiences of the particles.

5 LCL Components and Damping Resistance
Optimization

This study aims to develop a process that determines
the optimal values for the LCL components and
damping resistor, resulting in a GCI with high-quality
grid current. Based on the GCI parameters in Table 2
and equations (7), (8), and (10), with α = 0.1,
the maximum allowable total inductance is Lmax ≈
6.16mH. The individual inductance upper bound
is set to 4.2mH (approximately 0.68Lmax) to ensure
that neither L1 nor L2 alone approaches the total
inductance limit, reserving design margin for the
other inductor. The lower bound of 0.2mH is derived
from equation (8) at rated current. Accordingly,
the following search ranges are adopted for the
optimization: L1 ∈ (0.2mH, 4.2mH), L2 ∈
(0.2mH, 4.2mH), and C ∈ (2µF, 16µF).
The optimized values of L1, L2, C and Rd can
be obtained by employing the suggested MHTs
as shown in Figure 7. Figure 7(a)–(d) show
the optimization processes of L1, L2, C, and Rd,
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Figure 7. Optimization of LCL filter components using MHTs (a) L1 (b) L2 (c) C (d) Rd.

Table 2. GCI parameters.

Parameters Symbol Value

DC-voltage UDC 400 V
Grid-voltage Vg 220 V
Grid-frequency fL 50 Hz
Rated-Power PN 5.0 kW
Switching-frequency fsw 10 kHz
Sampling-frequency fs 10 kHz

respectively. Each optimization method for LCL-filter
parameters converges to a steady state after a specific
number of iterations, signifying that the optimal
solution has been reached. From Figure 7, it can be
seen that PSO and GWO achieve a steady state faster
than WOA. Moreover, with PSO, the values of L1 and
L2 are less than the values achieved for the other two

applied algorithms, whichmeans the inductance value
is also decreased. The optimization results achieved for
the LCL components and damping resistor are given
in Table 3.

Moreover, the power loss is shown in Figure 8(a),
where it can be seen that the PSO technique results
in lower losses than the other two MHTs. Figure 8(b)
depicts how the fitness function changes over time.
The figure makes it very evident that over the majority
of the optimization process, the fitness value for each
of the three MHTs that are selected is less than 1.
It shows that the LCL components acquired during
optimization are suitable for the initial optimization
targets, and the related fitness value that is ultimately
achieved is the lowest possible value. This implies
that the THD has been reduced. However, the fitness
value of the PSO algorithm is lower than that of the
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Table 3. Optimized LCL filter components and damping coefficient using simulated MHTs.

Algorithm L1 (H) L2 (H) C (F) Rd (Ω)

WOA 3.6× 10−3 1.2× 10−3 7.4× 10−6 117
GWO 3.6× 10−3 1.18× 10−3 3.0× 10−6 87.9
PSO 3.43× 10−3 0.94× 10−3 3.5× 10−6 39.7

other algorithms; therefore, it shows the best results
among the selectedMHTs. These findings demonstrate
the PSO supremacy in terms of its exploitation and
exploration abilities for both local and global searches.

Figure 8. (a) Power loss (b) Objective function convergence
with various MHTs.

6 System Simulation
To validate the effectiveness of the optimized
design parameters, a comparative simulation
study is designed using the preferred MHTs in the

MATLAB/Simulink environment. The simulation
model replicated the single-phase grid-tied VSI
system with an LCL filter, as depicted in Figure 1 (a).
The simulation utilized the parameters specified in
Tables 2 and 3.
The transient and steady-state responses for current
are simulated in Figure 9. The current control
loop’s performance is evaluated by introducing a 50%
step change in the desired current. In Figure 9(a),
the single-phase current tracks the desired current
effectively for all the MHTs. Nevertheless, the
overshoot is smaller in the case of the parameters
obtained with the PSO algorithm compared with the
other algorithms. The THD of current during the
transition time increases to almost 2.8%, which is still
acceptable because the IEEE standards (IEC 61,727 and
IEEE 1547) allow a THD of 5% for GCIs. In the case of
the PSO algorithm, the overshoot value of the system
during the transient is between 4% and 5%, making it
the MHT with the best performance among those that
have been tested.
Moreover, Figure 9(b) illustrates the power of the
system in response to a sudden change in the desired
current. The active power increases with the increase
in current and reaches a steady state within 0.02s. It is
clear from Figure 9(b) that oscillations in active power
arise without substantial overshoot value during the
50% step change in the desired current from its rated
value. The oscillations in power during the steady
state are acceptable. When the power achieves its
steady state following a step change in the current
desired, the findings reveal that the PSO optimization
method gives less oscillations when compared with
other MHTs.
To assess the system’s robustness, a short circuit is
introduced from 0.1s to 0.13s, as shown in Figure 10.
A 0.25-ohm resistor is added in series with the grid
to increase the challenge, forcing the current to flow
through the short circuit wires. As seen in Figure 10(a),
the grid RMS voltage drops by 90% during the short
circuit. However, after the fault is cleared, the grid
voltage recovers quickly to its nominal value for all
proposed MHTs. Figure 10(b) shows the RMS current
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Figure 9. Response of simulated MHTs under varying
desired current. (a) Current (b) Power.

during the short circuit fault. The figure indicates a
smooth transition for all the selected MHTs; however,
the oscillation in the case of the PSO algorithm is less
than that of the other two algorithms. Moreover, the
transient spike at the recovery time is also lower for the
PSO algorithm. These simulation results show that the
PSO-optimized components and damping resistance
make it possible for the GCI system to be more stable
and robust during a short-circuit failure.

Figure 10(c) shows the impact of the short circuit
on the system’s active and reactive power. During
the short circuit, active power approaches zero,
while reactive power displays transient behavior
characterized by oscillations and transient spikes.
These transient spikes are present for almost all three
algorithms but are less prominent in PSO. These spikes
can be removed by choosing a higher value for L1,
which increases the cost of the filter. Therefore, these
transients can be regarded as a trade-off between filter
cost and performance. Following the short-circuit

Figure 10. (a) Grid voltage (b) Injected current and (c)
Power under short circuit.

removal, both active and reactive power quickly return
to their steady-state values. During the recovery
process, the PSO algorithm shows lower oscillations
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Figure 11. THD in injected current during (a) Step change
in reference current (b) Grid short circuit test.

as compared with the other two algorithms. Based
on these illustrative results, it is evident that in terms
of robustness, stability, and dynamic response, the
PSO algorithm surpasses the other two techniques for
designing an LCL filter for GCI system.

Figure 11(a) illustrates the THD of the injected current
during the step change in reference current. The
THD of the grid-injected current remains within
acceptable limits as per IEEE standards, even during
the change in reference current. While it briefly
exceeds 4% of the overall THD, it does not surpass
the limit. Notably, during the transition, the THD
for the PSO method remains lower than that of the
other two applied algorithms. Similarly, Figure 11(b)
presents the THD of grid-injected current during a

Figure 12. THD across harmonic orders for (a) WOA, (b)
GWO and (c) PSO.
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grid short circuit test. It shows that, as the short circuit
occurs, the THD exhibits a transient response in all
cases before approaching 0.01% as the short circuit
is removed, ultimately restoring to its original level.
The PSO algorithm demonstrates the best response
among the three simulated methods, indicating that
the optimized LCL filter, damping resistor value and
PR controller gains obtained through PSO are most
effective for a single-phase GCI system.
Figure 12 illustrates the THD across various harmonic
orders, as detailed in Table 1. The THD values
remain within acceptable limits for all evaluated
algorithms, demonstrating their effectiveness in
managing harmonic content. Among these, PSO
exhibits the best performance, achieving the lowest
THD across the specified ranges as shown in
Figure 12(c).
The WOA follows closely, showing the second-best
performance with the least THD across each
harmonic order in the injected current, as shown
in Figure 12(a). Conversely, the GWO algorithm
displays the highest THD distribution among the
applied algorithms; however, it still remains within
acceptable limits, as indicated in Figure 12(b). This
analysis underscores the strengths of PSO and WOA
in minimizing distortion while highlighting GWO’s
relative performance.

7 Conclusion
This paper presented a systematic computational
study on the application of AI-driven metaheuristic
optimization to the constrained parameter design of
LCL filters in single-phase grid-connected inverter
systems. A unified optimization framework was
established, comprising a THD-minimization
objective function and three engineering constraints,
providing a well-defined benchmark for evaluating
the computational performance of swarm-intelligence
and evolutionary algorithms. Among the three
algorithms evaluated—PSO, WOA, and GWO—PSO
demonstrated the best overall computational
behavior, achieving the lowest fitness value, fastest
convergence, and highest solution quality in terms
of filter parameter optimization. The PSO-optimized
parameters yielded superior system robustness under
both transient step-change conditions and weak-grid
short-circuit faults, with THDmaintained within IEEE
519 limits across all tested harmonic orders. These
results establish PSO as the preferred computational
method for this class of nonlinearly constrained
engineering optimization problems. More broadly,

the findings contribute to the growing body of
evidence supporting the effectiveness of bio-inspired
AI optimization algorithms in interdisciplinary
computing applications, and provide a replicable
methodological framework for future comparative
studies involving alternative or hybrid metaheuristic
strategies.
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