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1. INTRODUCTION

Over the past decade, the growing global demand for energy has driven a significant shift from
conventional transformers to advanced power electronic systems. In particular, cost-effective switching devices
are increasingly integrated into power inverters, which are essential for sustainable energy systems by enhancing
efficiency and market competitiveness. Traditional two-level converters are increasingly being replaced by
multilevel inverters, which operate at lower switching frequencies and offer reduced power losses and harmonic
distortion [1]. Voltage source converters can be categorized based on their output waveforms into square wave,
quasi-square wave, conventional two-level PWM, and multilevel inverters (MLI).

This work's innovation resides in the implementation of a 7-level PUC inverter, characterized by a
diminished component count relative to conventional topologies, thereby enabling a more compact and efficient
harmonic reduction system. In MLIs, switch commutation combines several DC voltages, resulting in elevated
output levels at a reduced switching frequency, which mitigates losses and the stress associated with switching
and voltage [2]. An inverter is an electrical device that converts DC to AC power [3]. Conventional inverters
typically offer three output levels: zero, positive, and negative [4]. The PUC-MLI setup yields seven output
levels utilizing eight devices, whereas the NPC, FLC, and CHB necessitate 50, 54, and 15 devices, respectively.
The packed U-cell inverter, known for its U-shaped configuration, offers a broader spectrum of output voltage
levels dependent on the quantity of voltage sources and switching devices employed [5]. Multilevel inverter
(MLI) technology is increasingly employed in electrical systems to produce accurate waveforms with low
harmonic distortion. These strategies facilitate the reduction of Total Harmonic Distortion (THD) and enhance
the MLI's waveform, each offering distinct advantages related to efficiency, convergence speed, and design
complexity for the optimization problem, the advantages of a more straightforward design and the capability to
produce various output voltage levels render the PUC inverter a favored option for multiple applications. The
maximum voltage level achievable by the PUC inverter is disadvantageously constrained. Only the peak
amplitude of the inverter's DC source is applicable [6]. This study introduces a revised design for the single-
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phase arrangement of Packed U-Cell inverter with seven voltage levels.

The suggested topology mimics with varied DC sources, necessitating three cells to produce an output
with seven distinct voltage levels. The proposed configuration attains performance equivalent to that of the
seven-level Cascaded H-Bridge inverter while utilizing fewer switches [7]. Multilevel inverters have recently
garnered significant attention for their capacity to diminish overall harmonic interference and improve power
quality. Among these, the PUC topology provides a higher performance with a smaller structure and fewer
components. In this research, an enhanced PWM method is employed to operate a seven-level PUC inverter. To
further reduce THD, the method PSO is employed to optimize the switching angles [8]. Developers have utilized
population-based optimization techniques such as Genetic Algorithms (GA), Harmony Search (HS), Moth Flame
Optimization (MFO), and Random Differential Algorithm (RDA) for high-level inverters [9][10]. While these
approaches demonstrate effectiveness, they often involve higher computational cost and slower convergence.
This study presents and utilizes the Particle Swarm Optimization method, a swarm-based optimization strategy
aimed at minimizing THD in multiterminal inverters [11].

In this study, harmonic suppression was significantly enhanced through the combined effect of the
compact PUC topology and the PSO-optimized MPWM scheme. By dynamically adjusting switching angles
with respect to asymmetric DC voltage levels, the approach effectively attenuates low-order harmonics and
improves the spectral quality of the output waveform. Prior investigations have also shown that metaheuristic
techniques can achieve stronger convergence and higher accuracy in nonlinear switching problems compared to
analytical methods [5]. The present work differs in its integration of PSO with MPWM, which eliminates the
need for iterative lookup tables while still achieving comparable THD reduction with fewer computational
resources. Improved efficiency observed in this work also corresponds with earlier studies that emphasized the
importance of reduced switch counts in minimizing conduction and gate-drive losses. Unlike those
investigations, which primarily focused on topological simplification, the proposed approach advances the field
by combining structural reduction with optimization-based modulation. Similar ideas have been explored in
recent studies that incorporated hybrid GA-PSO and other metaheuristic methods in multilevel inverters, where
significant THD reductions were achieved by optimizing modulation angles while maintaining low device counts
[12][13]. This dual strategy not only lowers implementation cost but also improves waveform quality, thereby
enhancing inverter performance and extending applicability to renewable energy and medium-voltage drive
systems. However, unlike many of those works, which achieved suppression by operating at higher switching
frequencies, the proposed method demonstrates satisfactory performance even at moderate frequencies. This
discrepancy may arise from differences in modulation design, parameter selection, and the use of asymmetric
DC sources in the PUC structure, which provide additional flexibility for harmonic elimination. Comparable
results were also noted in recent research where PSO and hybrid optimization algorithms achieved harmonic
mitigation in asymmetric multilevel inverter topologies [14].

Overall, the results confirm that the PSO-MPWM framework not only reinforces the established
advantages of optimization-driven control but also extends prior contributions by demonstrating that reduced-
component multilevel inverter structures can simultaneously achieve superior harmonic performance, lower
switching stress, and reduced implementation cost.

Despite the advantages of the PUC topology and the success of optimization algorithms in inverter
control, little research has explored the integration of Particle Swarm Optimization (PSO) with a Modified PWM
(MPWM) scheme in a reduced-switch seven-level PUC inverter. Prior studies have mainly applied conventional
PWM techniques or optimization methods such as GA and hybrid algorithms to other inverter families like NPC
and CHB, but not specifically to the asymmetric seven-level PUC. This gap is important because combining
PSO with MPWM for a reduced-switch PUC can achieve lower THD while using fewer components, leading to
improved efficiency, reduced switching losses, and lower implementation cost. Therefore, this study proposes a
compact seven-level PUC inverter with reduced switch count and implements a PSO-optimized MPWM strategy
to minimize THD. The approach is validated through Simulink simulations and compared with conventional
PWM methods.

The main contributions are: a validated compact PUC topology with harmonic improvement, a
reproducible PSO-based MPWM strategy tailored to the asymmetric PUC structure, and quantitative evidence
of superior power quality with reduced hardware complexity.

2. RESEARCH METHODS

Multilevel inverters have drawn a lot of interest lately because of their capacity to lower total distortion
factor and enhance power quality. Of these, the Packed U-Cell (PUC) topology provides a higher performance
with a smaller structure and fewer components. This research employs a pulse width modulation (PWM)
approach to control a seven-level PUC inverter system. To further lower THD, the adopted metaheuristic method
was executed to fine-tune the switching angles. The work in (2022) [15], which also used a Grey Wolf Optimizer
(GWO)-optimized Modified PWM technique to regulate a 3-level NPC converter, is compared.
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One piece of power electronics that can change the direction of electricity from DC to the AC voltage
range is an inverter. It is utilized throughout numerous sectors, including renewable energy generation and
electric vehicles, among others, a swarm-intelligence based optimization method is proposed and implemented
in this study for the mitigation of harmonics and the reduction of the THD factor in multi-terminal inverters [16].
In photovoltaic systems, inverters are crucial for converting the direct current generated by solar cells. Renewable
generation is achieved using PV modules in conjunction with wind turbines, which can be integrated into the
power grid or used to operate conventional household electronic devices [6][17]. This study investigates the
optimization of the essential procedures required to achieve the targeted output of the injected sine waveform
while minimizing overall harmonic distortion.

2.1 Seven Level Packed U Cell Inverter

In 2010, Al-Haddad invented the PUC converter and the multilayer converter, which is capable of being
expanded to single-phase topologies. Figure 1 depicts a system with six semiconductor switching devices and a
dual DC supply. The significant model is the number of segments relative to other topologies. A reduced quantity
of switches leads to lower conduction and switching losses, minimized gate driver requirements, and decreased
total system costs [18]. The output voltage levels attained and the quantity of auxiliary capacitors employed can
be expressed as Equation (1).

N, = 2Net2 1 @)
where Ny, represents count of quantized voltage levels and N, denotes the amount of auxiliary capacitors utilized.
Table 2 presents the quantities of devices for several inverter kinds (NPC, FLC, CHB, and PUC). Six
IGBTs have been employed in the PUC architecture to attain seven levels. The six gated semiconductor devices
are separated into two legs, resulting in a configuration of three switches per leg. The quantity of potential states
can be expressed as Equation (2).
N, = 2N¥ )
where Np represents the total possible states an Ng is the quantity of switches in a single leg [19][20]. This

relationship directly impacts the modulation strategy and achievable output waveform quality, as a higher
number of possible states allows for finer voltage steps and reduced harmonic distortion [21].
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Figure 1. Structural layout of the 7-level PUC inverter

The primary advantage of PUC is its lower component count relative to other topologies, including the
Cascaded H-Bridge, fewer switches lead to less power losses, fewer gate drives, and decreased overall system
costs [8].The output voltage magnitudes of the single-phase inverter configuration illustrated in Fig. 1 are listed
in Table 1. There exist eight potential switching states. The upper switches in each leg function in
complementarity with their respective lower switches to prevent short-circuit problems across the DC buses.
Each upper-lower pair operates antagonistically to guarantee safe functioning and is unable to function
simultaneously [16]. While the PUC is capable of producing different voltage levels from various DC sources,
achieving the maximum output voltage (Vap) necessitates that the amplitude of the second DC bus be equal to
one third of the first (V1 = 3V2). V exhibits seven voltage levels as a result of the voltage levels in this setup
being 0, £V2, +2V2, and £3V2.
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Table 1. Single-leg switching states of the PUC-MLI

States  Voltages S1 S2 S3
1 V1 1 0 0
2 V1-V2 1 0 1
3 V2 1 1 0
4 0 1 1 1
5 0 0 0 0
6 -V1 0 0 1
7 -V2-V1 0 | 0
8 -V2 0 1 1

Table 2. Device requirements for different inverter architectures

Components NPC FLC CHB PUC
IGBT power devices 24 24 12 6
Capacitors (Voltage Sources) 60 30 3 2
Clamping Diodes 20 0 0 0
Total component 50 54 15 8

To validate the performance of the proposed 7-level Packed U-Cell (PUC) inverter employing a PSO-
based Modified Pulse Width Modulation (MPWM) strategy, a comparison is made with other PUC multilevel
inverter topologies reported in recent literature. Lower-level topologies such as the 5-level PUC inverter exhibit
simpler hardware and lower cost, yet they typically suffer from higher Total Harmonic Distortion (THD) due to
larger voltage steps [1]. A 5-level PUC-based shunt active power filter with fuzzy control was shown to achieve
effective harmonic compensation but still encountered notable residual THD [22]. A 9-level Modified PUC
inverter employing a Model Predictive Control (MPC) approach demonstrated improved waveform quality and
reduced THD compared to conventional 5-level designs [8]. Furthermore, an 11-level PUC inverter with an
optimized eight-switch configuration for photovoltaic applications achieved additional THD reduction but
required higher circuit complexity and multiple DC sources [23]. In comparison, the proposed 7-level PSO-
MPWM PUC inverter provides a balanced trade-off achieving lower harmonic distortion than 5-level topologies
while significantly reducing the component count and control complexity relative to higher-level designs.
Therefore, the 7-level configuration represents a practical and efficient topology within the PUC inverter family,
maintaining favorable output quality with fewer power devices and reduced implementation cost.

2.2 Carrier-based PWM Technique

In power electronics, especially in voltage source inverters, Carrier-Based Pulse Width Modulation
(PWM) is extensively utilized across multiple applications. The power consumption of an electronic load is
controlled by modifying the switching duration of the output pulses[24]. This approach maintains the carrier
signal's consistent amplitude while varying the pulse lengths within the designated power level. The modulation
index is defined as the ratio of pulse duration to the carrier signal period, and it governs the power supplied to
the load [25]

A primary benefit of PWM is its capacity to provide a stable signal with minimal distortion. This
strategy is realistic, as it reduces power dissipation in switching devices such as transistors or MOSFETs.
However, its implementation may be more intricate than alternative PWM methods, requiring a distinct high-
frequency carrier signal and accurate temporal regulation. Diverse carrier-based PWM schemes are available,
each with unique advantages and limitations [26].

Sinusoidal pulse width modulation, in conjunction with triangular waves, minimizes overall harmonic
distortion in inverters while regulating the power consumption of electrical loads. The sinusoidal pulse width
modulation approach is extensively employed for the generation of pulse signals in inverter control. This study
employs a reference sine wave in conjunction with multiple triangular carrier waves, utilizing six carriers to
regulate six inverter switches. The total number of carriers is established according to the inverter's level setting
as outlined in Equation (3).

N=L-1 3)

Equation (3) delineates N as the number of carriers and L as the amount of voltage levels produced in
the inverter architecture, employing the specific values of L = 7 and N = 6 for this examination. The construction
of our topology is based on two essential principles: amplitude modulation (AM) and frequency modulation
(FM). The FM index is defined as the ratio of the reference voltage signal relative to the carrier signal, normalized
to unity for the sake of this study [27]. The amplitude modulation index M, is expressed in Equation (4).

M, = _Vrer 4)

Vearrier
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_ f Carrier

My = f ref (5)

This study used a 50 Hz frequency and three amplitude reference signals are used to control the
inverter's output voltage according to the specified reference value. Using the modulation indices defined in
Equations (4) and (5), switching pulses are produced by aligning the reference wave with carrier waves. The
frequency carrier rate was established at 1000 Hz, and the modulation amplitude was set to 2 to demonstrate the
significance of amplitude modulation. Figure 1 shows the MPWM technique, where a sinusoidal reference is
combined with a PSO optimized injected signal. The modified reference, compared with a triangular carrier,
generates PWM pulses that reduce THD.

Refer to Table 1 for details on the switch configuration and output voltage levels. When V1 is present
at the output with voltage activated from S1, S5, and S6, It becomes possible to generate seven voltage levels
across different modes, with S4, S5, and S6 operating as complementary switches to the first three in order to
prevent short circuits. Figure 2 illustrates the gate driver output signals for the proposed seven-level PUC
multilevel inverter, which is produced using a triangular carrier-based MPWM method.

Gate Driver | T T
1 IGBT 1| IGET 4]
=
05 0.
0 0
; p— T | T
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I 0
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Figure 2. Switching pulse of IGBT

The MPWM methodology, illustrated in Figure 3, employs a two-signal based control comprising a
sinusoidal reference signal and an optimized injected sine waveform. Optimization of parameters for the inserted
signal in the MPWM methodology, encompassing magnitude, frequency, and phase characteristics, is executed
via PSO. Equations (6) and (7) denote the injected and altered signals, respectively.

Vi(t) = ag-sin(2m fyt + 0) (6)

Vi(t) = 3-sin(2r-50- t + 0) + ay-sin 2w fot + 6) (7

The optimization process conducted by PSO facilitates enhanced harmonic distortion reduction and
waveform regulation, making the MPWM approach more efficacious for power electronics.

Modified Signal Modification Process of the PWM

"0 e AR

Reference Signal Added signal Triangular Carrier Signal

2 2 2

Figure 3. Modification process of the pulse width modulation
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The reference signal was altered by integrating two signals. The primary reference and auxiliary signals
are sine waveforms characterized by a fundamental frequency. In contrast, the supplementary signal has
specifically defined values for its parameters. The reference signal was modified by combining two signals. The
reference and auxiliary signals are sine waveforms specified by a fundamental frequency, whereas the
supplementary signal possesses precisely defined waveform characteristics. Figure 4(a) illustrates a reference
sine wave with a magnitude of 3, an average frequency of 50 Hz, and a phase shift of 0 degrees. Figure 4(b) and
Figure 4(c) present both signals, which are combined to form a modified reference signal, subsequently compared
with the triangular carrier waveform within the MPWM framework [26].
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Figure 4. The process of generating an MPWM signal.
2.3 Particle Swarm Optimization

Metaheuristic-based optimization strategies are gaining popularity for addressing complicated real-
world situations. The categorization of metaheuristic algorithms can be classified into three principal categories:
evolutionary-based algorithms (e.g., GA, DE), swarm-based methodologies (e.g., PSO, GWO, WOA, SSA). The
Particle Swarm Optimization method was developed by James Kennedy and Russell Eberhart in 1995. It
functions as an effective method for addressing complex optimization problems, with the mobility and flocking
behavior of avians forming the foundation for PSO [28].The algorithm begins with the creation of a randomly
generated population.

A genetic algorithm begins with the stochastic assignment of a population, representing the target
solution set, which comprises chromosomes composed of a random combination of ones and zeros, or genes.
Upon successful creation of the population, the subsequent phase entails a process termed "selection." During
the selection process, the fitness function of each individual is evaluated, and the individual with the highest
fitness function value is selected for further consideration. The Roulette wheel selection method is a renowned
approach for choosing. Upon completion of the selection in the optimization process, the subsequent stage entails
crossover While numerous types of crossovers exist, single-point and two-point crossovers are the most common
in mating among people. Typically, when a population experiences mutation, the goal is to maintain the
population's diversity. A prevalent technique for executing mutation involves altering a gene's value to a
randomly generated number within the [0,1] interval, followed by the random selection of a threshold value. For
any genes assigned values exceeding the threshold, we can either take the complement of their values or exchange
them. The subsequent generation's population is derived from the population produced by executing all of these
procedures. Generally, the new population comprises a greater number of fitter individuals than its predecessor.
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Eventually, these procedures will be reiterated, though with reduced efficacy in enhancing the population.
Particles denote the individual components of every swarm. In Particle Swarm optimization (PSO), each particle
is assigned a position and a velocity, after which its fitness or objective function is assessed. In contrast to Genetic
Algorithms, Particle Swarm optimization omits crossover and mutation processes, instead utilizing the
exploitation of local optima for each particle and a global optimum for the entire population. The velocity and
position of each particle are modified based on the best-known neighborhood of the individual's neighbors This
process continues until a solution is identified [29]. In this algorithm, each particle signifies a prospective
solution and comprises two essential vectors: the position vector x, indicating its current location, and the
velocity vector v, which delineates the trajectory the particle will follow in the absence of external forces. Every
particle has connected with it a location vector and a velocity vector. As an example, each M*" iteration the
current position vector associated with each ith particle is shown by C;mand the velocity vector with which the
particle is going to move is denoted by V;m. Particle i moves in the space according to its velocity V;m [30], [31].
At each iteration, particle positions are updated according to redefined velocity and position update rules given
by Equation (8). At each cycle, the subsequent position is revised as Tone Eberhart, this population-based
metaheuristic is a robust technique for addressing highly complex optimization problems. Without proper
contextualization, however, the information can appear as disjointed fragments rather than cohesive supporting
evidence. At each iteration, particle positions are updated according to predefined velocity and position update
rules.

Cim+1 = Cym + Vym+a (®)

so that, where m denotes the current position and m+1 signifies the subsequent position. The velocity vector is
modified as Equation (9).

Vimir=w . Vim ¢y 11 .(Ppest —Cim ) + 3 * 13 (Gpese —Cim ) 9)
The random variables both r; and r, are restricted to the interval [0, 1].

The Particle Swarm Optimization (PSO) algorithm was utilized to determine the optimal switching
angles for minimizing the Total Harmonic Distortion (THD). The overall flow of the proposed PSO procedure
is depicted in Figure 5, which systematically represents the initialization, fitness evaluation, velocity and position

updating, and termination stages.

[ Initialize swarm with random position X & velocity vector]

4[ For each particle ]

Evaluate Fitness } [ Next Particle ]
if fitness(X) > fitness(Gyeqy Update Position
Guest = Xj Xj=Xj+V;
if fitness(X) > fitness(Pyes Update velocity 1
Ppest = Xi Vi=wV, +c-rand(0,1) * (Pyeg
+crand(0,1)* (GuesrX) |
Terminate
Gpest = output
End

Figure 5. Flowchart of the Particle Swarm Optimization (PSO) algorithm

Algorithm 1 presents the Particle Swarm Optimization (PSO) procedure. The vector Py, corresponds
to the position vector associated with the particle’s best-known location, whereas G, refers to the position
vector corresponding to the best location identified by any particle in the swarm. The coefficients C; and C, act
as acceleration factors [30].
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Algorithm 1 Particle Swarm Optimization

1: Repeat until termination condition is satisfied

2: Initialize swarm with random Cy and Vp

3: Initialize cl, ¢2, rl, r2, k, kmaz, and stop condition
4: while not termination condition do

5 for each particle do

6: Evaluate Fitness

7 if fitness(X;) > fitness(G;) then
8: Gbest — Ci

9: end if

10: if fitness(X;) > fitness(F;) then
11: Prest + C;

12: end if

13: end for

14: Update the particles velocity V™
15: Update the particles position CT*
16: end while

17: return Gpest

A particle swarm optimization (PSO) framework was implemented with 50 particles and a maximum
of 200 iterations. The inertia weight was linearly varied from 0.1 to 1.0, while both acceleration coefficients were
fixed at 2.05 in accordance with Clerc’s recommendation. Stable convergence was further supported through the
application of a constriction factor of approximately 0.729. The search space for switching angles was restricted
to [0, 0.50], with the modulation index defined over 0—180 degrees. To prevent excessive oscillations, particle
velocities were constrained to 10% of their respective variable ranges. Premature convergence was addressed by
introducing a stagnation threshold of 100 iterations, combined with a partial reinitialization of 30% of the least-
performing particles. Two asymmetric DC sources supplied the inverter under consideration, rated at 60 V and
20 V.

Algorithm 2 outlines the PSO fitness evaluation process, in which total harmonic distortion (THD) is
adopted as the objective function with boundary constraints. The resulting global best solution represents the
optimized switching angles that minimize harmonic distortion.

Algorithm 2 PSO-Based Switching Angle Optimization for
THD Minimization
Require: Number of particles nP = 50; maximum iterations
= 200: inertia weight w € [0.1,1] (random at each
iteration); ¢; = 2.05, c2 = 2.05
Ensure: Optimized switching angles minimizing THD
1: Initialize the positions and velocities of nFP particles
(decision variables).
: for each particle do
Evaluate fitness (THD) and assign pbest and gbest.
: end for
: for iter = 1 to maximum iterations do
Randomly assign inertia weight w € [0.1, 1].
for each particle do
Update velocity:

PP:JQ\LH-DHI\J

v = wu+tcq rand() (pbest—position)+cs rand() (gbest —position)

: Update position and apply boundary constraints.
10: Re-evaluate fitness and update pbest and gbest if
improved.
11: end for
12: end for
13: return gbest (optimal switching angles).

As shown in Figure 6 the MATLAB/Simulink model of the proposed seven-level PUC inverter. The
system utilizes IGBT switches featuring two DC-link voltages. A modulated PWM (MPWM) approach
produces the initial switching signals, whereas a PSO algorithm delivers the optimal switching angles utilized
in the gate drive circuit. This system generates a seven-level stepped output with less total harmonic distortion
and enhanced power quality.
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Figure 6. Simulink model of the seven-level Packed U-Cell (PUC)

According to the block structure illustrated in Figure 6, the proposed 7-level PUC inverter system was
implemented in MATLAB/Simulink R2022a using the Simscape Electrical and Sim Power Systems block sets.
The semiconductor devices were modeled using the IGBT/diode block from the Simscape library, which was
parameterized to emulate typical commercial devices; no vendor-specific part numbers were applied. The
inverter was powered by two disparate DC-link voltages of 60 V and 20 V, in accordance with the compact U-
cell arrangement. A fixed-step discrete solver was adopted with a simulation sampling time of 1 ps, ensuring
high resolution for both transient and harmonic analysis. The inverter was connected to a pure resistive load of
10 Q, which provided a straightforward test case for validating the output waveform quality. The gating signals
were synthesized using a Modified Pulse Width Modulation (MPWM) block, in which a sinusoidal reference
waveform was compared with multiple triangular carriers to generate the required switching pulses for the seven-
level output. These signals were subsequently processed by a Gate Driver block, which introduced level shifting
and dead-time insertion to ensure safe IGBT operation without cross-conduction. To guarantee reproducibility,
a fixed random-seed policy was applied throughout the optimization process. Each case was simulated ten
repeated runs, and averaged values of output voltage, current, and Total Harmonic Distortion (THD) were
reported to minimize stochastic bias. Finally, custom MATLAB post-processing scripts were utilized to compute
THD, extract harmonic spectra, and generate both time-domain and frequency-domain plots. These
specifications fully define the experimental setup and enable replication of the reported results. The
corresponding values are presented in Table 3.

Table 3. Simulation parameters for the 7-Level Packed U-Cell (PUC) inverter

Parameter Value/Setting
DC-link voltages 60 Vand 20 V
Simulation sampling time 1 ps

Load type R=10 Q

3. RESULTS AND DISCUSSION
3.1 Performance of the Inverter Prior to Optimization

The performance evaluation of the inverter in the first instance revealed the absence of optimization for
the switching conditions, from which a high level of harmonic distortion emerged. This challenge was resolved
by optimizing the switching angles using Particle Swarm Optimization, or PSO.

The results of the PSO application offer remarkable enhancement for the harmonic performance of the
7-level PUC multilevel inverter. The initial Total Harmonic Distortion (THD) of 68.01% was reduced to 17.72%
subsequent to the switching angles optimization by PSO. During this optimization, the dominant harmonics were
aggressively suppressed, and the generated output waveform achieved close to a perfect sinusoidal waveform in
accordance with the desired reference. The results of PSO confirm it as a robust approach for enhancing inverter
performance and power quality proportional to the compliance with harmonic limitations, thus proving its
feasibility for reliable practical use. This substantial reduction underscores the fundamental importance of
optimization algorithms in the elimination of harmonics and emphasizes PSO as a viable option in contrast to
traditional modulation techniques.

We developed an inverter model with Simulink, which was regulated with a distinctive PWM
methodology, with the DC-link voltages Vpe; and Vpe, setto 60 V and 20 V, respectively. The output voltage's
overall harmonic distortion was directly affected by the inverter's switching sequence. In the initial configuration,
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the switching sequence was deliberately adjusted to produce a high THD level; therefore, we established an
auxiliary signal with specific signal characteristics to enhance the optimization of the switching sequence and
assess the THD. To meticulously regulate these parameters, we devised an PSO that generated random values
within certain limits and computed the resultant THD of the aggregated signal. Candidate values for the
parameters would have THD deleted if the newly computed value surpassed the previous optimum.
Nevertheless, we would consider and present the most suitable alternatives if the harmonic were indeed lower.
To avoid convergence to local optima and pursue the best solution in the entire search space, the operation was
executed 100 times using default parameters. The algorithm achieved a minimum total spectral distortion value
of 17.72%

3.2 Optimization Process and Convergence

The system produces a stepped voltage waveform at its output, and the multilevel inverter is analyzed
to assess its capability in delivering a pure AC waveform appropriate for power conversion applications. By
implementing the PWM technique, the inverter synthesizes a stepped voltage waveform that approximates a pure
sinusoidal signal with reduced harmonic content, as depicted in Figure 7. The MPWM technique, combined with
optimized switching angles, enhances the spectral quality of the output voltage, reducing unwanted harmonic

components.
Multilevel Inverter
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Figure 7. The 7-level Packed U-Cell (PUC) inverter output voltage

It was observed that PSO optimization algorithm achieved a high level of convergence between initial
parameters (A =0.500 V, £=1775.00 Hz, 0.384419 rad) and the final optimal solution (A =0.143 V, f=162 Hz,
0.22 rad) as in Table 4. The optimized injection parameters obtained a 71.5 % percent amplitude reduction and
90.9 % percent frequency reduction, moving away the high-order harmonic targeting, and to strategic low-order
harmonic cancellation. This convergence corresponds to improved algorithm efficiency and requires 92 percent
less injection power, achieving a higher quality of THD reduction performance.

Table 4. PSO Injection Parameter Comparison

Case Frequency Amplitude Phase THD
Before Optimized Injection 1775.00 Hz 0.500 V 0.384419rad  68.01
After Optimized Injection 162 Hz 0.143 V 0.22 rad 17.72

As illustrated in Figure 8 the PSO convergence behavior for THD minimization in a seven-level
multilevel inverter. The results show that the injection amplitude stabilizes at 0.143 V, the frequency converges
rapidly to 162 Hz, and the phase settles around 2.2 rad (126°) after an initial steep adjustment. These trajectories
highlight the distinct roles of each parameter: amplitude ensures balanced modulation strength, frequency shapes
harmonic interaction, and phase alignment proves especially critical for cancellation effectiveness. The observed
convergence underscores PSO’s efficiency in navigating the nonlinear and multimodal landscape of inverter
optimization. By balancing exploration and exploitation, the algorithm avoids local minima and consistently
identifies globally effective parameter sets. This demonstrates the suitability of swarm intelligence methods for
advanced power electronics applications, where precise parameter tuning directly translates to improved
harmonic performance and reduced THD.
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Figure 8. Simulation results of the optimized injected signal

The varying rates of convergence among the three parameters illustrate that the specific sensitivities
inherent in the target objective function are the frequency interpolates, which converge rapidly, as minor
deviations significantly impact the generated harmonic envelope. In contrast, amplitude and phase display slower
convergence due to their interdependence and the nuanced manner in which they influence harmonic
cancellation. To mitigate the risk of emergent patterns becoming excessively focused too early, the foundational
evolutionary strategy meticulously regulates diversity, enabling populations to progress towards the parameter
basin of attraction while effectively suppressing premature convergence gradients. The outcome is a resilient
global minimum, as evidenced by the consistent, low variance estimates at the conclusion of the run: amplitude
0.143 V, frequency 162 Hz, and phase 2.2 rad, all documented without indications of overshoot, residual
oscillation, or other artifacts of adaptation-induced instability.

3.3 Harmonic Spectrum Analysis and Power Quality Improvement

Figure 9 presents the output waveforms and harmonic spectra of the 7-level PUC multilevel inverter at
selected amplitude modulation indices (m = 0.2, 0.3, 0.4, and 0.5). These cases demonstrate the dependence of
harmonic performance on the modulation index when switching angles are optimized using the PSO algorithm.
The inverter achieves its optimum performance at m = 0.1, where the optimized switching angles minimize the
total harmonic distortion (THD) to 17.72%. As the modulation index increases, THD rises monotonically,
reflecting a systematic degradation in waveform quality. Although the figure illustrates cases up to m = 0.5 for
clarity, the optimization was extended to m = 1.0, where the maximum distortion level was observed. This trend
is consistent with the theoretical behavior of multilevel inverters, in which higher modulation indices redistribute
harmonic components and complicate the suppression of distortion.

These results validate the effectiveness of the proposed PSO-based optimization method in minimizing
THD. Emphasis on the best-case performance at m = 0.1 underscores the capability of the approach to
significantly improve the harmonic profile and enhance the overall output quality of the inverter.
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Figure 9. Harmonic spectra at different amplitude modulation indices.

It can be seen from Figure 10 that a conducted to evaluate the inverter's performance by examining the

harmonic spectrum, as seen in Figure 9. The research reveals that the total harmonic distortion (THD) of the
output voltage decreases from 68.01% to 17.72% when the Particle Swarm Optimization method modifies the
switching angles. The enhancement in THD confirms the efficacy of the MPWM method and PSO-based
optimization in augmenting the inverter's power quality. Optimizing switching angles effectively suppresses
lower-order harmonics, hence enhancing system efficiency and reducing power losses. The findings validate that
the amalgamation of computational intelligence approaches with sophisticated modulation methods can
significantly improve the efficacy of multilevel inverters across diverse industrial and renewable energy
applications.
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Figure 10. Spectral analysis of harmonics
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3.4 Comparative Analysis with Prior Literature

The PSO-based optimization significantly reduces harmonics by dynamically adjusting switching
angles and preventing premature convergence to local minima. This method illustrates the balance between
exploration and exploitation, which is essential to metaheuristic optimization. In Ref. [12] noted comparable
results, demonstrating that the hybrid GA—PSO consistently outperformed individual algorithms due to enhanced
solution diversity and expedited local convergence. It has been demonstrated that the implementation of PSO-
optimized SHE-PWM in cascaded H-bridge inverters markedly reduces harmonics across all voltage levels,
highlighting the critical role of fitness function design in effectively controlling both total harmonic distortion
(THD) and specific harmonic orders [13]. In ref. [5], the effectiveness of population-based methods was further
validated, demonstrating that the Wild Horse Optimization algorithm achieved competitive THD performance
for PUC inverters, albeit with increased sensitivity to hyperparameter tuning.

Despite widespread consensus, many inconsistencies emerge when juxtaposing these findings across
other investigations. Discrepancies in reported findings stem from variations in inverter architecture (PUC versus
cascaded H-bridge), DC-link configuration (symmetric versus asymmetric sources), and objective functions
(pure THD minimization versus weighted harmonic penalties).Furthermore, algorithmic hyperparameters such
as swarm size, mutation rates, maximum iterations, and assessment methods (single-run versus repeated
statistical runs, existence of output filters, and correctness of device models) substantially affect convergence
behavior. The increased sensitivity reported in Ref. [5] is attributed to the diminished sample size and a stronger
dependence on the initial population distribution, whereas the more consistent performance observed in this
study reflects sustained convergence across multiple trials. The research demonstrates that population-based
optimizers are reliable frameworks for minimizing THD, with discrepancies among studies primarily due to
methodological differences rather than intrinsic factors.

A comparative evaluation with existing optimization-based multilevel inverter studies demonstrates that
the proposed 7-level PSO-MPWM inverter achieves competitive performance with a THD of 17.72%. Research
on asymmetric multilevel inverters using PSO optimization shows that a 7-level configuration achieves a THD
of 15 level is 4.23%, while an 11-level system attains 11.17% [32]. Additionally, an ANFIS-PSO optimized
cascaded multilevel inverter demonstrates THD values ranging from 10% to 8% depending on the modulation
index and switching angles [33]. Recent investigations on PUC inverters using hybrid optimization algorithms
[27], [12] have shown promising results in harmonic mitigation. The proposed 7-level system achieves
comparable harmonic performance with a simplified topology, demonstrating an optimal trade-off between
system complexity and harmonic suppression capability.

4. CONCLUSION

The findings validated that Particle Swarm Optimization (PSO) significantly diminished harmonic
distortion in a 7-level Packed U-Cell (PUC) multilevel inverter, reducing THD from 68.01% without
optimization to 17.72% with PSO, consequently demonstrating a significant improvement in output waveform
quality. The convergence behavior demonstrated steady tuning of amplitude, frequency, and phase at globally
optimal values, emphasizing the method's efficacy in tackling nonlinear, multimodal optimization problems.
Comparative analysis revealed that the proposed PSO-MPWM inverter achieves competitive performance
compared to other optimization-based designs, demonstrating an optimal trade-off between system complexity
and harmonic suppression. Furthermore, prior studies on higher-level inverters reported slightly lower THD
values, confirming that the presented 7-level topology offers a simplified yet efficient approach for harmonic
reduction. This study enhances inverter control by demonstrating the innovative application of swarm
intelligence for effective and flexible harmonic reduction, with hardware validation recognized as the subsequent
essential phase.
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