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Revised: distortions (THD) in comparison to traditional inverters. Nevertheless, as MLI levels increase, challenges
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selective harmonic elimination (SHE) equations (SHE-PSO) in MLI applications, evaluating its impact on
THD at various output levels (3L, 5L, and 7L) within a cascaded H-bridge MLI. Results are compared with
simpler methods, namely sine-based calculation (SBC) and Newton Raphson-based SHE (SHE-NR). The
findings illustrate that SHE-PSO effectively minimizes lower-order harmonics to as low as 0%, outperforming
SBC and NR. However, in terms of THD, SHE-PSO proves advantageous only at 5L, with SHE-NR exhibiting
superior performance at other levels. This study concludes that the reduction of lower-order harmonics in
MLI does not necessarily translate to an overall improvement in THD, particularly at higher levels.

©2025 The Author(s). Published by
the OICC Press under the terms of
the Creative Commons Attribution
License, which permits use, distribu-
tion and reproduction in any medium,
provided the original work is prop-
erly cited.

Keywords: Multilevel inverter; Particle swarm optimization; Low-order harmonics; Total harmonic distortion; Selective harmonic

elimination

1. Introduction

Inverters, in general, are used to transform the voltage from
direct current (DC) to alternating current (AC). Inverters
are one of the most important parts in almost all electrical
power systems where they have been utilized in various
sectors including solar power generation and electric ve-
hicle industries [1]. Multilevel inverter (MLI) is a more
recently introduced family of inverters which are built from
the assembly of power semiconductors, voltage sources
and other components, which jointly generate voltages rec-
ognized by their stepped waveforms. MLIs have gained
substantial prominence as a feasible solution to overcome
the limitations posed by traditional two-level inverters. MLI
showcase the capability to produce higher-quality, multiple-
levelled output voltage while posing the capability to ef-
fectively minimize the existence of harmonic distortions
[2]. This feature contributes to the reduced need for huge

filtering at the output. MLI are also notable in their suit-
ability to operate in multiple high-power applications as
compared to traditional inverters. Additionally, due to the
nature of their outputs, MLIs are also suited to be operated
using lower switching frequency modulation, resulting in
decreased switching losses and prolonged durability of the
system [3].

Throughout the years, there has been a consistent increase
in the number of MLI topologies published in the litera-
ture at which each one of them would introduce additional
advantages. One thing to note is that almost all of the pro-
posed MLI topologies are usually designed to be modular
and easily scalable. Thus, a topology is able to produce
any number of output levels as required by designers by
extending the circuit configuration. The rule of thumb in
MLI is that as the number of levels is increased, the total har-
monic distortion (THD) will decrease, at the cost of a higher
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number of components requirement [4, 5]. Challenges in
implementation come as the number of levels is increased.
When the traditional pulse width modulation (PWM)-based,
high-switching frequency (HSF) techniques are used, the
number of carrier signals required will also increase accord-
ing to the increase in level. The number of carrier signals
required could be very high, which reduces the feasibility of
such a system being implemented for real applications due
to the high processing power requirement [6]. For instance,
one study [7] reported that a 7-level inverter required six
carrier signals for switching pulse generation, while another
study [8] demonstrated that a 9-level inverter required eight
carrier signals. Generally, the number of carrier signals
needed is approximately equal to the number of levels (Ng)
minus one (N; — 1). Recent research efforts have focused
on reducing the number of required carrier signals. How-
ever, the number remains relatively high, especially as the
number of levels increases. For example, a modified modu-
lation technique was shown to require 11 carrier signals for
generating 19 output levels [9], highlighting the ongoing
challenge of balancing complexity and efficiency in MLI
systems.

Thus, at a higher number of levels, researchers have been
implementing low switching frequency modulation (LSF)
techniques to reduce the burden on microcontrollers. One
of the most basic methods for LSF modulation is the equal
phase method where the angles for the switching signals
are pre-calculated [10]. However, this method distributes
the switching angles equally based on the number of output
levels. So, the output waveforms appear slightly triangular
in shape with a considerably high value of THD [11]. Ex-
tending from this idea, another switching angles calculation
method dubbed the sine-based calculation (SBC) method
is introduced where the idea is based on the fact that a
pure sinusoidal waveform is wider in shape in the middle
of every half-cycle and narrower at the beginning and end
of the two half-cycles [12]. Using this method, the output
levels of MLI will be in closer resemblance to a pure sine
wave, reducing the THD. The nearest level control (NLC)
technique has also been demonstrated to produce similar
switching signals to the SBC despite producing them in
a slightly different manner [13]. However, it is best to
note that these types of pre-calculation methods tend to
produce high lower-order harmonics components. The se-
lective harmonic elimination technique (SHE) is another
LSF modulation method which is widely used. Designers
are able to selectively remove any lower-order harmonics
using his method. However, since non-linear transcendental
equations are used for the switching angle calculation, the
complexity of solving the equations is high [14, 15]. The
number of equations increases with the number of levels. By
using computational methods with the like of metaheuristic
algorithms, the calculation can be made easier, but could
also require greater computational power [16]. Among
these, particle swarm optimization (PSO) has emerged as a
reliable approach for solving SHE equations, enabling the
determination of optimized switching angles and achieving
superior harmonic reduction [17].

Both HSF and LSF have their own advantages and disadvan-

Najwan Hamidi & Ishak

tages. Generally, there is a trade-off between the switching
frequency and output harmonics. Lower switching losses
can be expected when LSF is used, but the THD is possibly
higher when the number of output levels is low. But, the con-
duction losses will be higher [13, 18]. If the output doesn’t
meet the required standards for its intended use, filters are
very commonly necessary. However, since MLI with a high
number of output levels already produces a very low THD,
the adverse effect of the high harmonics is overcome and
this can subsequently eliminate the requirement for passive
filtering [19]. On the other hand, the HSF technique will
have lower conduction and higher switching losses.

The literature review reveals a significant gap in research
concerning the implementation of advanced optimization
techniques for calculating switching angles, specifically in
MLI systems, and their implications or limitations when
applied to MLIs with a high number of output levels. Previ-
ous studies have primarily focused on the implementation
methods and simplification of solutions for simultaneous
equations. However, there is a scarcity of research investi-
gating the importance or advantages of these optimizations
for MLI systems.

When implementing the SHE LSF modulation technique
with any metaheuristic algorithm with the like of PSO for
computation, optimized switching angles can be obtained.
However, there is a lack of studies conducted on the sig-
nificance of using such a method towards the THD of the
system when MLI is considered. The motivation of this
research is to investigate the viability of incorporating ad-
vanced optimization techniques for calculating switching
angles in MLI systems. The aim is to determine whether
optimizing switching angles offers significant benefits, par-
ticularly at higher numbers of MLI levels, given that the
primary objective of MLI introduction is already to mitigate
harmonics. Through this investigation, researchers aim to
ascertain whether switching angle optimization contributes
positively to the final design in terms of harmonic perfor-
mance, processing power, and potential additional costs,
such as those associated with enhanced microcontroller re-
quirements.

In this paper, the significance of the PSO optimization tech-
nique is thoroughly studied for MLI applications at differ-
ent number of levels. This study is conducted to explore
whether such a method is able to produce better outputs at
different numbers of output levels as compared to the much
simpler pre-calculated methods in terms of individual har-
monic contents and THD. All computations are done using
MATLAB and simulations are conducted using Simulink.

2. Model description

2.1 Cascaded H-Bridge MLI

Since circuit topology is not related to the MLI output levels
production, in this paper, the cascaded H-Bridge (CHB)
MLI inverter is implemented for its ease of implementation.
The generalized figure of the CHB topology is depicted in
Fig. 1. In this work, the circuit is tested at three distinct
numbers of output levels: 3 levels (3L), 5 levels (5L) and 7
levels (7L). The number of DC sources and H-Bridge units
required to generate the 3L, 5L and 7L outputs are 1, 2 and
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Figure 1. General structure of CHB MLI topology.

3, respectively. Additionally, a symmetrical voltage source
configuration is used where all the implemented DC sources
will share the same magnitude. The general switching table
for a CHB MLI topology is given in Table 1.

2.2 SBC method

The first switching method implemented in this work is the
SBC method where the switching angles are pre-calculated
using mathematical equations, in relation to a pure sinu-
soidal waveform. The calculated angle values can then be
loaded into a microcontroller in the form of a look-up table.
Thus, only minimal processing power would be required
since there is no active modulation operation being carried
out. However, in this study, only simulation-based work
is considered. Therefore, the calculated switching angles
are directly used in the MATLAB/Simulink simulation for
generating the switching pulses. For any number of levels,
the calculation can be separated into four different segments
for ease of understanding as shown in Fig. 2 (a). The first
segment is from the start of the waveform until the midpoint
of the positive half-cyle. The second segment is from the
midpoint up to the end of the positive half-cycle. Similarly,
the third and the fourth segments are from the start until
the midpoint of the negative half-cycle and from the mid-
point until the end of the waveform, respectively. For the

calculation of the switching angles in the first portion, the
following equation is used

1 1 Np—1
MN,—1)(2P—1) for P=1,2,..., 5

ey
where Ny is the number of output levels produced by the
CHB MLI, M is the modulation index and 6p is the switch-
ing angles during the positive half-cycle which is from 0°
up to Ni — 1. Then, the switching angles for the second
segment can be calculated as given in (2). Note that, exactly
at the end of the first half-cycle or at the start of the second
half-cycle, the angle is 180° as given in (3).

Op =sin~

1

6p = 180 —sin~! for
P M(N,—1)(2P—1) @
P:L_l,...,z,l
2
6p = 180 for P =Ny 3)

Lastly, since the output waveform at the positive and neg-
ative half-cycles should have a similar shape except for
the inverted polarity, the switching angles for the third and
fourth segments can be easily calculated as follows

9N:36079p fOI'N:NLfl,...,Z, (4)

Table 1. General switching table of CHB MLI topology.

ON Switches
Output voltage
H-Bridge 1  H-Bridge 2 H-Bridge N
Si,1S12 S2.1, S22 Sn1, SN2 0
S1,1,S1.4 S2,1, 82 Sn.1> SN2 Vbe
Si,1,S1.4 S2.1,S2.4 Sn1, SN2 2x Vpc
S1,1,S1.4 S2.1,S24 Sn.1, Sn 4 N x Vpc
Si12,513 S22,523 Sn2: SN 3 —N X Vpc
S12,S12 S22,523 Sn.3> Sn 4 —2xVpc
S12:S12 S23,S2.4 SNn3> SN 4 —Vbe
S13.S14 S23,824 Sn3.Sn4 0
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where Oy are the switching angles during the negative half-
cycle which is from 180° up to 2Ny, — 1. Each calculated
switching angle represents the start point of each output
level. For the three output level settings, the positionings
of the calculated switching angles using the SBC method
are depicted in Fig. 2 (b) to Fig. 2 (d). The total number of
switching signals at any output level is equal to 2N;.. For the
three tested output levels, the calculated switching angles
are presented in section 3.

2.3 SHE-PSO method

The second switching method to be analysed in this work is
the SHE-PSO method where the SHE equations are solved
using PSO which is a metaheuristic optimization algorithm.
Using this method, certain lower-order harmonics can be
minimised or totally eliminated through proper calculation
of the switching angles. To utilize the SHE technique, it
is necessary to formulate Fourier series expansions of the
periodic output waveform generated by the MLI. Typically,
this Fourier extension can be expressed as follows

oo

Z by, sin(nx)

n=1

flx)= %ao + i ay cos(nx) + )
n=1

It is best to note that the output voltage of an inverter is
generally a sinusoidal waveform. Due to the fact that a
sinusoidal waveform is an odd and quarter-wave symmetry
which is when the waveform is symmetric about the origin
— f () condition, thus ag and ay, is

and satisfies the f(—r)
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equal to 0. Under this case, the switching angles calculation
can be reduced down to only the midpoint of the overall
signal which is at /2. Using the quarter-wave symmetry
rule, the other switching signals can easily be calculated.
Thus, the Fourier extension of the output voltage of an
inverter can be reduced down to

Vo(ot) = i Va sin(not)

n=1

(6)

where V,, is the voltage magnitude at a specific harmonic
order. To calculate V,, for the 5L, 7L and 9L MLI, the
Fourier expression V,, of equations (7), (8) and (9) can be
used, respectively

v, = Wﬂ[cos(el) +cos(62)]
Vs = ‘%’%[COS(391)+COS(392)] @)
Vs = T (c05(50,) +cos(56,)]
v = 4V%[COS(GI +cos(6,) +cos(03)]
V3 = 2 (c05(30)) + cos(365) +cos(363)]
Vs = 2C [cos (561 ) + cos(56,) +cos(563)] ®
Vs = 2 (c05(70)) 4 cos(765) +cos(763)]

Segment |

Segment 4

g

oo i 10
Switching Angle Position

f

N

- 16
Switching Angle Position

Figure 2. Depiction of (a) the four switching segments relative to a pure sinusoid. (b) SL switching positions. (c) 7L switching positions. (d) 9L switching

positions.
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V= 4VDC[cos(91 +cos(8,) +cos(63) + cos(6y)]

V3 = 532Cc0s(36;) + cos(362) +cos(363) +cos(36,)]
Vs = 2 [cos(501) +cos(562) +cos(563) +cos(564)]
Vi = ‘7/72 [cos(761) 4 cos(76,) +cos(763) + cos(764)]
Vo = VD Ccos(961) +cos(962) 4 cos(963) + cos(964)]

©))
where Vpc is the voltage source magnitude, n is the har-
monic order and 6, is the switching angle. From the ex-
pressions, it can be concluded that the number of switching
signals to be calculated is equal to (N, — 1) /2 which is also
the number of lower order odd harmonics that are targetted
to be minimised. For instance, only the 3™ and 5t harmon-
ics will be able to be minimised for the 5L inverter and two
switching angles will need to be calculated to achieve it.
The modulation index (M) of the switching technique is
related to the following equation

T V]

M= 10
4Vpc (19)

To ensure proper generation of output MLI output waveform
without any missing levels, the following condition needs
to be met

0<fB<6;5<... (11)

T
<0, < )
With condition (11), every subsequent switching angle will
have a larger value than the previous angle and a smaller
value than the next angle. From all the SHE equations
presented, the PSO optimisation algorithm can then be im-
plemented. The aim of the PSO algorithm is to minimise the
THD of the output waveform by minimising the selected in-
dividual harmonics as previously mentioned. The technique
is based on the social behavior of swarms searching for food.
The PSO algorithm is initialised with a swarm of particles
each of which has a random position and speed. In an effort
to locate the optimum solution, the particles wander across
the problem’s search space. Based on its own prior experi-
ences as well as the prior experiences of other particles in
the swarm, each particle modifies its position and velocity.
Based on their local and global best solutions, the particles’
velocities and locations are updated. This facilitates the
particles’ gradual movement towards better solutions and
lastly, the best solution. The PSO equations used to update
the position (x) and velocity (v) of the particles are given as
follows

A =l i (12)
i =wlt UL (PY — ) + Ul (gh —a) - (13)
where x; is the i particle position, v; is the i particle

velocity, ¢ and c; are positive valued acceleration constants,
U, and U, are random variables between the value of 0, w is
the inertia weight, P, is the best position found by a particle
at the current iteration and g is the best position found
by any particle in the swarm at the current iteration. The
iteration is represented by  where ¢ is the current iteration
and ¢ + 1 is the next iteration. The basic flowchart of PSO
algorithm operation is given in Fig. 3. For the lower order
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Figure 3. PSO algorithm.

harmonics elimination using the PSO algorithm, the THD
equation is implemented as the fitness function as given

NL 2
n=1(odd) Vi

V1

THD = (14)
To further improve the performance of the PSO algorithm,
the damping ratio is considered in the algorithm. It is based
on the method proposed in [20]. With the damping ratio pa-
rameter, the particle velocities are reduced over time which
will help prevent the PSO algorithm from being stuck in
local minima. Apart from that, the convergence rate of
the algorithm is also expected to be improved. All the pa-
rameters selected for the PSO algorithm in this work are
tabulated in Table 2. Unlike the SBC method, which deter-
mines switching angles through analytical calculations, the
SHE-PSO technique is a heuristic algorithm that relies on
stochastic processes to approximate near-optimal solutions.
Although it does not guarantee an exact optimal solution,
it can achieve results very close to optimal while signifi-
cantly reducing the complexity of analytical computations.
The switching angles are determined using MATLAB code

Table 2. Selected PSO parameters.

Parameters Values
Maximum iteration 1000
Number of population (Swarm size) 100
Inertia weight (w) 1
Damping ratio (d) 0.99
Constant (Cy) 2
Constant (Cy) 2
Variable lower bound 0
Variable upper bound /2
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based on the SHE-PSO method. Once obtained, these an-
gles are applied in Simulink in a similar manner to the SBC
method, with the only difference being the use of a different
set of angles.

2.4 Assumptions

Based on the presented model descriptions, several assump-
tions have been made which are supported both by objective
reasoning as well as through literature review. These as-
sumptions are listed as follows.

e Assumption 1: The MLI topology does not influence
the characteristics of the output waveforms; instead,
these waveforms are solely determined by the switch-
ing pattern. For example, the output waveform of
a 9-level MLI generated by a cascaded H-Bridge in-
verter exhibits similar characteristics to that of another
9-level MLI topology when both employ the same
switching pattern.

e Assumption 2: Switching can be accomplished with
minimal processing power when employing pre-
calculated switching angles, as opposed to active mod-
ulation, where switching angles are loaded directly
onto the microcontroller without requiring any active
modulation operations within it.

e Assumption 3: The voltage outputs generated by an
MLI exhibit a symmetrical waveform characterized by
odd and quarter-wave symmetry, where the waveform
is mirrored across the origin. This characteristic as-
sumption forms the basis for formulating equations in
the SBC method.

2.5 Simulation model

Based on the presented model descriptions, several assump-
tions have been made which are supported both by logical
thinking as well as 7.

3. Results and discussion

In the first part of the analysis, all the switching angles are
calculated using the SBC and SHE-PSO methods. Addition-
ally, for additional comparison, switching angles calculated
using SHE-Newton Raphson (SHE-NR) found from litera-
ture are also included [21-23]. The implementation of the
SHE-NR method follows a similar approach to the SBC and
SHE-PSO methods in Simulink. The calculated switching
angles using the three methods for the three tested MLI
levels are tabulated in Table 3, Table 4, and Table 5. An
evident observation appears from the examination of Ta-
ble 3, Table 4, and Table 5, revealing that the switching
angles obtained through the three methods exhibit notable
dissimilarities.

From the calculated switching signals, MATLAB/Simulink
software is used to simulate the MLI circuits. In this study,
the output voltage is set to 230 Vrms (325.27 Vpeak) at
the frequency of 50 Hz. To achieve this peak value, the
magnitude selection of the DC sources will need to follow
the following relationship.

5)
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Table 3. Calculated switching angles for the SL MLI.

oo . Switching Angle (°)
Switching position
SBC  SHE-PSO SHE-NR [21]
0, 14.478 12.000 14.7361
0, 48.590 48.000 50.7361

Table 4. Calculated switching angles for the 7L MLI.

oo . Switching Angle (°)
Switching position
SBC  SHE-PSO SHE-NR [21]
0, 9.594 11.671 11.68
0, 30.000 26.936 31.18
03 56.443 56.056 58.58

Table 5. Calculated switching angles for the 9L MLIL

o . Switching Angle (°)
Switching position
SBC  SHE-PSO SHE-NR [21]
0, 7.181 0.857 7.5
6, 22.024 24.857 21.6
03 38.682 35.143 36.8
0,4 61.045 60.860 60.2

where Npc is the number of DC sources. From equa-
tion (15), the Npc values for the 5L, 7L and 9L MLI are
calculated to be 162.63 V, 108.42 V and 81.32 V, respec-
tively. These values ensure that the inverter’s output voltage
equals 230 Vrms. For example, in the case of the 5L in-
verter, where Npc = 2, the output peak voltage is 162.63 V
+ 162.63 V = 325.26 Vpeak, corresponding to 230 Vrms.
The circuit, as depicted in figure 1, is modelled in Simulink
based on the number of levels, where the number of H-
Bridge modules corresponds to 2, 3, and 4 for the 5L, 7L,
and 9L outputs, respectively. To implement the calculated
switching angles, the “Stair Generator” block is employed
to generate the required switching pulses. Specifically, the
“Stair Generator” can operate using a lookup table to achieve
the desired pulse generation.

The MLI topologies are first tested under a purely resistive
(R) load value of 52.9 Q (1 kW). The harmonic contents of
the output voltage and current for the 5L, 7L and 9L MLI are
presented in Table 6 and Table 7. In Simulink, the individ-
ual harmonic components are analyzed using Fast Fourier
Transform (FFT). Measurements are taken only after the
inverters reach steady-state operation, with data collected
over 5 cycles. The simulation duration for all tested sys-
tems is set to 1 s, with a sample time of 1 us, ensuring that
the last five cycles used for harmonic computation are well
within the steady-state operation. From the results obtained
under all three types of MLISs, the voltage and current share
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https://doi.org/10.57647/j.mjee.2025.1902.38

Najwan Hamidi & Ishak

MIJEE19 (2025) -192538  7/15

Table 6. MLI output voltage harmonic content with R = 52.9 Q.

Voltage Harmonic Content (V)
5L 7L 9L
Order SBC SHE-PSO | SHE-NR SBC SHE-PSO | SHE-NR SBC SHE-PSO | SHE-NR
I 335 338.7 330.1 328.5 331.8 333.1 325 3279 328.6
(100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
3rd 6.73 0.20 11.42 4.53 0.27 0.30 3.09 0.39 0.43
(2.01%) (0.06%) (3.46%) | (1.38%) (0.08%) (0.09%) | (0.95%) (0.12%) (0.13%)
5th 6.20 0.07 0.03 0.43 0.03 0.07 1.50 0.10 0.10
(1.85%) (0.02%) (0.01%) | (0.13%) (0.01%) 0.02%) | (0.46%) (0.03%) (0.03%)
7th 6.60 0.07 7.93 2.05 0.03 0.07
(2.01%) (0.02%) (2.38%) | (0.63%) (0.01%) (0.02%)
gth 5.95 0.10 7.98
(1.83%) (0.03%) (2.43%)
Table 7. MLI output current harmonic content with R = 52.9 Q.
Current Harmonic Content (A)
5L 7L 9L
Order SBC SHE-PSO | SHE-NR SBC SHE-PSO | SHE-NR SBC SHE-PSO | SHE-NR
15t 6.333 6.403 6.24 6.21 6.272 6.297 6.144 6.198 6.212
(100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
3rd 0.1273 0.0038 0.2159 0.0857 0.0050 0.0057 0.0584 0.0074 0.0081
(2.01%) (0.06%) (3.46%) | (1.38%) (0.08%) (0.09%) | (0.95%) (0.12%) (0.13%)
5th 0.1172 0.0013 0.0006 0.0081 0.0006 0.0013 0.0283 0.0019 0.0019
(1.85%) (0.02%) (0.01%) | (0.13%) (0.01%) (0.02%) | (0.46%) (0.03%) (0.03%)
7th 0.1248 0.0013 0.1499 0.0387 0.0006 0.0012
(2.01%) (0.02%) (2.38%) | (0.63%) (0.01%) (0.02%)
gth 0.1124 | 0.0019 0.1510
(1.83%) (0.03%) (2.43%)

similar percentages of harmonic content when powering a
purely R load.

For the SL MLI, at the fundamental harmonic order, it
is evident that all approaches exhibit comparable perfor-
mance, displaying slight variations in voltage and current
harmonic values. However, at the 3’ harmonic order, SHE-
NR demonstrates notably higher voltage and current har-
monics compared to SBC and SHE-PSO. Moving to the 5
harmonic order, both voltage and current harmonics are min-
imized for SHE-NR, whereas SHE-PSO exhibits slightly
higher harmonics. Overall, among the three techniques, the
SHE-PSO method appears to have effectively minimized
lower-order harmonic contents. Despite the fact that the
SHE-NR method is designed to reduce lower-order harmon-
ics, it produces the highest magnitudes at specific harmonic
orders which are observable at the 3" harmonic for the 5L
inverter, the 7™ harmonic for the 7L, and the 9™ harmonic
for the 9L. This occurs because the NR method requires an
excellent initial guess to converge to the optimal solution.
Without a good initial guess, the method may either diverge

or converge to a local minimum. Moreover, the nonlinear
and transcendental nature of the SHE equations poses ad-
ditional challenges for NR, particularly as the number of
variables increases, further complicating convergence. In
contrast, the SHE-PSO method consistently demonstrates
an effective reduction of lower-order harmonics across all
tested conditions. This is attributed to its fundamentally
different approach to solving the SHE equations. As a
stochastic optimization technique, PSO explores the global
solution space, effectively avoiding local minima. Addition-
ally, it does not rely on derivatives, enabling it to handle
nonlinearities more efficiently. Fig. 4 depicts the 5L output
waveforms produced by the three methods, while Fig. 5
provides close-up views of each level transitioning states,
highlighting variations in switching angles.

In the case of the 7L inverter, at the 1% Harmonic Order,
all three systems exhibit similar voltage and current har-
monic values, with slight variations. At the 3" harmonic
order, SBC shows significantly higher harmonics compared
to SHE-PSO and SHE-NR. However, the harmonic content
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Figure 4. 5L output waveforms with R = 52.9 Q generated by (a) SBC. (b) SHE-PSO. (c) SHE-NR.
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Figure 5. 5L MLI output level transition point for the change from (a) 0 to Vpc. (b) Vpc to 2Vpc.

is considerably low and relatively similar in SHE-PSO and =~ PSO-SHE successfully minimizes the lower-order harmonic
SHE-NR. Moving to the 5 harmonic order, once again,  content compared to the other techniques. Fig. 6 displays
SBC exhibits higher harmonics, while both SHE-PSO and  the output waveforms for the 5L configuration generated by
SHE-NR maintain relatively similar and reduced values. three methods, while Fig. 7 offers detailed views of individ-
Finally, at the 7™ harmonic order, a drastic increase in har-  ual levels transitioning states, emphasizing differences in
monics is observed in SHE-NR, while SHE-PSO remains  switching angles.

at a low and reduced level. Similar to the 5L MLI, the  As for the 9L MLI, at the 1% harmonic order, the voltage
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Figure 6. 7L output waveforms with R = 52.9 Q generated by (a) SBC. (b) SHE-PSO. (c) SHE-NR.
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Figure 7. 7L MLI output level transition point for the change from (a) 0 to Vpc. (b) Vpc to 2Vpc. (¢) 2Vpc to 3Vpc.
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and current levels are relatively comparable among the three
techniques. Similar to the 7L ML, at the 3" harmonic order,
SHE-PSO and SHE-NR exhibit significantly reduced har-
monic contents with very similar values. This trend persists
at the 5™ harmonic order, where the harmonic contents pro-
duced by SHE-PSO and SHE-NR are further reduced with
very similar values. Moving to the 7" harmonic order, the
trend continues for SHE-PSO, while the harmonic content
of SHE-NR significantly increases. Overall, it is evident
that SHE-PSO is highly effective in minimizing lower-order
harmonics, whereas SHE-NR can only effectively minimize
certain lower-order harmonics. Fig. 8 shows the SL out-
put waveforms generated by the three methods, and Fig. 9
presents detailed views of each level as it changes states,
emphasizing differences in switching angles.

In Simulink, the computation of THD is also performed us-
ing different computational methods that exist for determin-
ing THD, depending on the maximum frequency considered.

)
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To obtain the overall THD, the Nyquist frequency is com-
monly employed in the calculation. This approach provides
a close approximation of the true THD value. Fig 10 and
Table 8 display the voltage THD values obtained through
the three techniques computed at various maximum har-
monic orders under the tested purely R load. When the
maximum harmonic order for computation is set at NL, it is
evident that the SHE-PSO technique produces outputs with
significantly lower THD, demonstrating its effectiveness in
eliminating lower-order harmonics. Since the computation
is confined to NL, a reduction in lower-order harmonics di-
rectly translates to a reduction in THD. Consequently, under
all tested conditions, SHE-PSO achieves the lowest THD
values when computation is limited to NL. This indicates
that for 5L, 7L, and 9L inverters, the THD calculations are
confined to the 5, 7, and 9™ harmonic orders, respec-
tively.

In this study, the maximum harmonic orders selected for
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Figure 8. 9L output waveforms with R = 52.9 Q generated by (a) SBC. (b) SHE-PSO. (c) SHE-NR.
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Figure 9. 9L MLI output level transition point for the change from (a) 0 to Vpc. (b) Vpc to 2Vpc. (¢) 2Vpc to 3Vpe. (d) 3Vpc to 4Vpc.

2345-3796[https://doi.org/10.57647/j.mjee.2025.1902.38]


https://doi.org/10.57647/j.mjee.2025.1902.38

10/15 MIEE19 (2025) -192538

Najwan Hamidi & Ishak

Harmonic (%) Harmonic (%)
I=—=SBC =—=PSO=——NR [

07173757 91113151719 21 0
Harmonic Order

(2)

1 357 9111315171921 0
Harmonic Order

(®) (©)

g Harmonic (%)

1 357 9111315171921
Harmonic Order

Figure 10. MLI output voltage and current harmonics with R = 52.9 Q at (a) 5L. (b) 7L. (c) 9L.

THD computation are 39, 49, 59, and the Nyquist frequency.
These values are chosen to align with and demonstrate com-
pliance with various international standards. For example,
according to the IEC 61000-3-2 standard, THD calculations
are performed up to the 40" harmonic order. Since only
odd-order harmonics are present in this study, the 39" har-
monic order is selected as the upper limit. In contrast, the
IEEE 519-2022 standard recommends analyzing harmonics
up to at least the SO™ order for most practical applications.
This ensures a more comprehensive assessment of THD
across a broader spectrum of harmonics, reflecting real-
world conditions more accurately.

For example, in the case of the SL. MLI, SHE-PSO exhibits
the lowest overall THD, followed by SBC and SHE-NR.
However, the difference between SHE-PSO and SBC is not
significant. In contrast, for the 7L and 9L MLIs, SHE-NR
actually achieves the lowest THDs, while SHE-PSO has
the highest THDs. Consequently, it can be concluded that,
for MLIs, effectively reducing the overall THD is more
challenging as the number of levels increases. The need to
eliminate lower-order harmonics becomes less significant in
terms of reducing the overall THD as the number of levels
rises. The current THDs are exactly similar to the voltage
THDs as presented in Table 8 under the purely R load tests.
While lower-order harmonics typically have higher magni-
tudes and contribute significantly to the THD, minimizing
them does not necessarily guarantee a reduction in THD.
This is because THD is a comprehensive measure of the
total distortion in the waveform, encompassing the cumu-
lative impact of all harmonics relative to the fundamental
frequency. If the higher-order harmonics remain signifi-

cant, the overall THD can still remain high. Additionally,
minimizing lower-order harmonics may lead to spectrum
redistribution, where the distortion shifts to higher-order
components. This redistribution can result in an increase in
THD, as the remaining distortion may not be uniformly re-
duced across the harmonic spectrum. Table 8 illustrates this
phenomenon, showing variations in THD values at different
maximum harmonic orders considered in the computations.
These variations highlight how higher-order harmonics can
still exhibit considerable magnitudes, significantly influ-
encing the overall THD. The most accurate THD values
are those computed up to the Nyquist frequency, as this
approach captures the complete harmonic spectrum within
the system’s bandwidth, providing a more comprehensive
assessment of waveform distortion.

Next, the MLI configurations undergo additional testing
with a resistive-inductive (RL) load having a value of 36 Q
— 0.153 H (approximately 880 kVA at a power factor of 0.6).
The harmonic profiles of the output voltage and current for
the SL, 7L, and 9L MLLI setups are outlined in Table 9 and
Table 10. The RL component functions as a low-pass filter,
resulting in observable reductions in the values of output
current harmonics. Fig. 11, Fig. 12 and Fig. 13 depict the
output voltage and current waveforms generated by three
methods for the S, 7L and 7L configurations, respectively.
The voltage harmonics exhibit values and percentages
closely resembling those obtained with a purely resistive
load. This underlines the negligible influence of load type
and power factor on the output voltage waveform. Similar
to Table 6, it is evident that in the majority of cases, SHE-
PSO exhibits lower harmonic content compared to SBC and

Table 8. MLI output voltage and current THD with R = 52.9 Q.

Voltage Harmonic Content (V)
5L 7L 9L
Maximum harmonic | SBC | SHE-PSO | SHE-NR | SBC | SHE-PSO | SHE-NR | SBC | SHE-PSO | SHE-NR
Np 2.73 0.06 3.46 2.44 0.08 2.39 22 0.12 243
39th 16.15 16.00 17.06 10.91 11.17 10.64 7.85 10.50 7.72
49t 16.42 16.43 17.29 11.02 11.54 10.73 8.32 10.89 8.20
59th 16.64 16.56 17.42 11.31 11.61 11.01 8.38 11.02 8.28
Nyquist 17.58 17.46 18.35 12.2 12.51 11.89 9.33 11.67 9.20
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Table 9. MLI output voltage harmonic content with RL =36 Q — 0.153 H.

Voltage Harmonic Content (V)

5L 7L 9L
Order SBC SHE-PSO | SHE-NR SBC SHE-PSO | SHE-NR SBC SHE-PSO | SHE-NR
I 336.1 339.8 330.0 330 333.3 334.7 327 329.9 330.6
(100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
3rd 6.9573 0.2379 11.5830 4.9170 0.3666 0.2678 3.5643 0.4619 0.4628
(2.07%) (0.07%) (3.51%) | (1.49%) (0.11%) (0.08%) | (1.09%) (0.14%) (0.14%)
5th 6.3523 0.0680 0.066 0.3300 0.0667 0.0335 1.3734 0.0660 0.0661
(1.89%) (0.02%) (0.02%) | (0.10%) (0.02%) (0.01%) | (0.42%) (0.02%) (0.02%)
7th 6.6990 0.0000 8.0328 2.0928 0.0330 0.0661
(2.03%) (0.00%) (2.40%) | (0.64%) (0.01%) (0.02%)
gth 6.0168 0.0000 8.0997
(1.84%) (0.00%) (2.45%)
Table 10. MLI output current harmonic content with RL =36 Q — 0.153 H.
Current Harmonic Content (A)
5L 7L 9L
Order SBC SHE-PSO | SHE-NR SBC SHE-PSO | SHE-NR SBC SHE-PSO | SHE-NR
15t 5.597 5.657 5.495 5.495 5.551 4.683 5.446 5.494 5.506
(100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
3rd 0.0470 0.0017 0.0780 0.0330 0.0022 0.0019 0.0240 0.0033 0.0033
(0.84%) | (0.03%) (1.42%) (0.60%) | (0.04%) (0.04%) (0.44%) | (0.06%) (0.06%)
5th 0.0263 0.0000 0.0000 0.0011 0.0006 0.0000 0.0054 0.0005 0.0000
(0.47%) (0.00%) (0.00%) | (0.02%) (0.01%) (0.00%) | (0.10%) (0.01%) (0.00%)
7th 0.0198 0.0000 0.0234 0.0060 0.0000 0.0000
(0.36%) (0.00%) (0.50%) | (0.11%) (0.00%) (0.00%)
gth 0.0142 |  0.0000 0.0187
(0.26%) (0.00%) (0.34%)

SHE-NR. Once again, the 5" and 9™ harmonic contents for
SHE-NR stand out, particularly under 7L and 9L, as they
are significantly higher than those of other methods at those
orders.

In contrast, regarding current harmonics, it is apparent that
overall, the current harmonics are significantly lower com-
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pared to the voltage harmonics, primarily due to the men-
tioned filtering effect. Generally, the SBC method yields an
output current waveform with the highest harmonic contents.
When comparing SHE-PSO and SHE-NR, both methods
exhibit very low and similar harmonic contents from the 3™
harmonic order onwards. However, at the 7™ harmonic for

ent (A

25)
|

Voltage (V) Current (A /25)
T

400

200 200

T 400

200

-200 -200 -200
-400 -400 -400
0.00 0.01 0.02 0.03 0.04 0.00 0.01 0.02 0.03 0.04 0.00 0.01 0.02 0.03 0.04
Time (s) Time (s) Time (s)

(@

(b) (©)

Figure 11. 5L output waveforms with RL =36 Q — 0.153 H generated by (a) SBC. (b) SHE-PSO. (c) SHE-NR.
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Figure 12. 7L output waveforms with RL =36 Q — 0.153 H generated by (a) SBC. (b) SHE-PSO. (c) SHE-NR.
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Figure 13. 9L output waveforms with RL =36 Q — 0.153 H generated by (a) SBC. (b) SHE-PSO. (c) SHE-NR.

the SL. MLI and at the 9" harmonic for the 9L MLI, SHE-  and current THD, respectively obtained through the three
NR displays considerably higher harmonic contents. Thus, techniques computed at various maximum harmonic orders
the conclusion can be drawn that in terms of minimizing  under the tested RL load. The obtained THDs are also illus-
lower-order harmonics, SHE-PSO stands out as the most  trated in Fig. 14 and Fig. 15. For the voltage THD, similar
effective method. to the case of purely R load, in summary, SHE-PSO effec-
Table 11 and Table 12 present the values of voltage THD tively reduces lower-order harmonics, yielding significantly

Table 11. MLI output voltage THD with RL =36 Q — 0.153 H.

Voltage Harmonic Content (V)
5L 7L 9L
Maximum harmonic | SBC | SHE-PSO | SHE-NR | SBC | SHE-PSO | SHE-NR | SBC | SHE-PSO | SHE-NR
N 2.80 0.07 3.51 2.52 0.11 2.40 2.27 0.14 2.45
39th 16.20 16.05 17.11 10.97 11.21 11.73 791 10.54 7.76
49th 16.47 16.48 17.34 11.08 11.59 10.78 8.38 10.93 8.25
59th 16.69 16.60 17.47 11.37 11.66 11.06 8.44 11.05 8.33
Nyquist 17.64 17.51 18.41 12.26 12.55 11.95 9.40 11.71 9.25

Table 12. MLI output current THD with RL =36 Q — 0.153 H.

Current Harmonic Content (A)
5L 7L 9L
Maximum harmonic | SBC | SHE-PSO | SHE-NR | SBC | SHE-PSO | SHE-NR | SBC | SHE-PSO | SHE-NR
N 0.96 0.03 1.42 0.70 0.04 0.50 0.53 0.06 0.34
39th 2.08 2.00 243 1.14 1.15 1.14 0.74 1.00 0.61
49t 2.08 2.00 243 1.14 1.15 1.15 0.74 1.01 0.61
59t 2.08 2.00 243 1.14 1.15 1.15 0.75 1.01 0.62
Nyquist 2.08 2.00 243 1.14 1.15 1.15 0.75 1.01 0.62
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Figure 14. MLI output voltage harmonics with RL =36 Q — 0.153 H at (a) 5L. (b) 7L. (c) 9L.
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Figure 15. MLI output current harmonics with RL =36 Q — 0.153 H at (a) SL. (b) 7L. (c) 9L.

lower THD when the maximum harmonic order is set at NL.
However, at higher orders, eliminating lower harmonics
doesn’t consistently reduce overall THD. In the SL. MLI,
SHE-PSO has the lowest overall THD, while for 7L and
9L MLIs, SHE-NR achieves the lowest THDs. As the num-
ber of levels increases, effectively reducing overall THD
in MLIs becomes more challenging, and the importance of
eliminating lower-order harmonics diminishes. As for the
current THD, a similar trend is observed. Moreover, it is
evident that current THDs, overall, are significantly lower
than voltage THDs. This is attributed to effective waveform
filtering, resulting in current waveforms closely resembling
pure sinusoidal waveforms. In brief, regardless of the load
type, only a general reduction in current harmonics is ob-
served, which is not influenced by the optimization methods
employed. Instead, it is primarily due to the filtering effects
of the load’s reactive components. Consequently, as with
the R load case, minimizing lower-order harmonics does
not guarantee a reduction in overall THD values.

4. Conclusion

Implementing MLI for switching signal generation becomes
exceedingly complex as the number of levels increases,
particularly when employing traditional modulation
techniques like PWM. Consequently, researchers have
increasingly turned to low-frequency pre-calculated
switching angle methods in such scenarios. However,
employing these switching methods tends to elevate output
harmonics. Therefore, optimization techniques have been
adopted to mitigate overall harmonics while still leveraging
the practicality of low-frequency pre-calculated switching
signal generation methods. This research aims to explore

advanced optimization techniques for calculating switching
angles in MLI systems, focusing on their viability and
potential benefits, especially at higher levels. The goal is to
evaluate if optimizing switching angles improves harmonic
performance, processing power, and potential additional
costs. Thus, this study assesses the application of PSO
in solving SHE equations within multilevel inverter MLI
systems, examining its impact on THD across different
output levels. The investigation reveals that SHE-PSO
successfully minimizes lower-order harmonics, surpassing
simpler methods such as the SBC and SHE-NR. Despite
this, the reduction in lower-order harmonics doesn’t
consistently translate to an overall enhancement in THD,
especially at higher levels. Notably, at 5L, SHE-PSO
demonstrates the lowest overall THD in comparison to
SBC and SHE-NR. Conversely, at 7L and 9L, SHE-NR
achieves the lowest THDs, with SHE-PSO exhibiting the
highest values. This suggests that eliminating lower-order
harmonics becomes less crucial for reducing overall THD
as the number of levels increases. The study concludes that
SHE-PSO effectively eliminates lower-order harmonics
in MLIs, but the emphasis on reducing lower-order
harmonics may not always lead to improved overall THD
at higher MLI levels. Optimizing THD in high-level MLIs
requires a more comprehensive exploration beyond the sole
minimization of lower-order harmonics. In overall, the
research contributes to understanding harmonic content
optimization in MLIs, showcasing the efficacy of SHE-PSO
for lower-order harmonic reduction while underscoring
the complexities involved in achieving overall THD
optimization at higher levels. Further research is imperative
for the development of enhanced strategies aimed at
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optimizing THD in high-level MLIs, ultimately leading to
improved power quality and system efficiency.
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