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Abstract—International Medium voltage and high-power
systems use MLIs with low harmonic distortion voltage wave
forms in medium voltage systems. Nevertheless, implementation
of conventional MLI topologies appears to face various issues
such as enhanced system complexity, costs, and conduction
losses for specific switching frequencies as well as increased
switching frequency leading to impractical solutions in RE
systems. Based on the above analysis, this work introduces a
three-phase, seven-level RS MLI topology applicable to
photovoltaic (PV) systems. The proposed RS MLI has fewer
switch devices than a typical topology to achieve cost
optimizations without compromising the features of precise
topologies. In an attempt to improve on the design of the RS
MLI, the Selective Harmonic Elimination (SHE) method is
implemented to minimize THD and switching losses. Iterative
solutions can be delicate depending on the configuration of the
SHE’s and more so for higher level configurations. Thus, for
solving the problem the Sparrow Search Algorithm (SSA), is
developed to serve as the new optimization method. SSA is thus
compared with Genetic Algorithm (GA) and Particle Swarm
Optimization (PSO) using MATLAB/SIMULINK simulations
with modulation indices of 0.1, 0.5 and 1.0. It is established from
the result that proposed strategic swarm approach (SSA) yields
better accuracy, fast convergence speed and improves the THD
of the system compared to GA and PSO. However, there is still
the question of computational complexity, which seems to entail
studying the RS ML in different conditions as an open problem
for future work. The innovation made by this work can help to
enhance RS MLI designs to better feasible for use in renewable
energy systems.

Keywords—Selective Harmonic Elimination (SHE); Reduced-
Switch Multilevel Inverter; Photovoltaic (PV) Systems; Sparrow
Search Algorithm (SSA); Harmonic Optimization.

l. INTRODUCTION

Most countries nowadays focus on the development of
renewable energy sources which in turn has created the need
for sophisticated and efficient power conversion systems that

can easily incorporate renewable energy sources into present
day power systems. When comparing renewable
technologies, PV technologies appear to be one of the most
promising mainly because of the great potential, scalability,
and environmental performance. However, the operation of
PV system largely depends on the evolution of efficient
power electronics converters required for improving the
energy conversion efficiency, reliability and quality of the
delivered power [1]-[3].

Multilevel inverters have proved to be a critical inversion
technology for medium voltage and high-power applications
because of their suitability to produce improved output
voltage wave forms with reduced harmonics distortion and
low voltage stress across the power switching devices [4], [5].
There is significant performance improvement with the
conventional MLI topologies such as diode clamped,
capacitor clamped and cascaded H-bridge. But these systems
exist with certain drawbacks which include the very many
components, high costs, larger physical sizes and high switch
losses. These disadvantages make them less suitable for use
in renewable energy systems since the later requires
simplicity, low cost, and high efficiency. To counter these
difficulties, multilevel inverters of the reduced switch type
(RS MLIs) have been introduced; these have comparatively
slighter designs, are cheaper, and have fewer losses than
traditional MLI [6]-[10].

While RS MLIs appear to have theoretical benefits, there
are practical problems that are still largely unrecognized and
scientifically unstudied in the context of actual PV systems.
Issues like performance of the MLIs under varying load
conditions, whether environmental factors have significant
effects on the performance of the inverter and reliability
concerns for long term application must be effectively
addressed to unlock the full potential of RS MLIs. Also, total
harmonic distortion (THD) in the output voltage waveform is
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still a crucial parameter of RS MLIs because high THD
adversely affects the efficiency and reliability of equipment
and grid operations [11]. Selective Harmonic Elimination
(SHE) is one of the most common techniques implemented
for harmonic suppression, because it allows the suppression
of some lower order harmonic, maintaining at the same time
the fundamental voltage amplitude [12]. However, solving
the nonlinear equations of SHE is an optimization problem
especially for higher level inverter connection.

In this respect, optimization algorithms have served as the
backbone of solving SHE equations. Conventional
techniques like the GA [13] and PSO [14] have been
extensively adopted, but issue with slow convergence to
global optimum, accuracy of solution, and lack of efficiency
in terms of computer operations when facing problems with
large number of parameters. Other metaheuristic techniques
which have been developed are Simulated Annealing (SA)
[15], Red Deer Algorithm (RDA) [16], Differential Evolution
(DE) [17], and Atrtificial Bee Colony (ABC) [18]. Yet, these
techniques lack some features such as entrapment into a local
optimum, long time convergence or computational
complexity.

The Sparrow Search Algorithm (SSA), an emerging
optimization technique that mimics the feeding behavior of
sparrows has been found to offer promising solutions to this
challenge. SSA’s forceful GSD, fast convergence and its
capacity to solve nonlinear and high order problems make it
fitting and well-suited for configuration problem such as SHE
[19]-[26].

In this work, the concern is on the design, simulation, and
improvement of a three-phase, seven-level RS MLI
interfacing with a PV system [27]-[32]. The proposed RS
MLI configuration is a cost-effective solution with least
number of switching components in highly improved study
as compared to basic topologies [33]-[36]. In order to boost
the performance, the new SSA based SHE is used for the
technique decreasing THD and switching loss as well as
providing reliable operation. To compare the performance
and superiority of the proposed SSA-based approach with
GA- and PSO-based methods, a comparative study is
performed [37]-[40].

MATLAB/SIMULINK is used to model and simulate the
proposed system, and evaluation of the performance is done
based on the remarks made above and for modulation index
of 0.1, 0.3, 0.5, 0.7, 0.9 and 1. From the results it can be
confirmed that significant enhancement in harmonic
reduction, switching efficiency and overall performance of
the system is achieved with the proposed SSA based SHE
technique. Of value to the field of RS MLI designs and
optimization, this work provides a foundation for further
development of methodologies that enhance the integration
of RE resources into power systems [41]-[47].

. APPROACH TO THE PROBLEM AND METHODOLOGY

The Reduced Switch Multilevel Inverter (RS-MLI)
maintains the performance advantages of traditional
multilevel inverters (MLIs) while offering a more efficient
and cost-effective solution by using fewer switching
components. While traditional MLIs use multiple switching

elements and passive components to achieve higher voltage
levels, the RS-MLI operates with fewer components to
achieve the same output voltage [48]-[53]. This makes the
inverter more compact and cost-effective, while also
simplifying the system and enhancing its efficiency. By
reducing the voltage load on the switches, the seven-level
reduced switch multilevel inverter circuit improves safety
against overvoltage and dV/dt breakdown problems [54]-
[58].

Fig. 1 depicts the setup of the RS MLI system, while Fig.
2 exhibits the output voltage waveform of the proposed RS
MLI with its associated switching states. The RS MLI
configuration seen in Fig. 2 utilizes seven switches (S11-S14
and S1-S3) together with two diodes (D1 and D2) [59]-[67].
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Fig. 1. Single phase seven-level reduced switch multilevel inverter [20]
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Fig. 2. Output voltage waveform and associated switching states of a single-
phase seven-level RS-MLI [20]

In this setup, the H-bridge switches, which generate
polarity, run at a low switching frequency, while the level
generation switches (S1-S3) operate at a high switching
frequency. To attain a cost-efficient design, low-frequency
power components are used for the H-bridge, while high-
frequency power components are employed for level
generation. The operating concept of the RS MLI is
delineated in the following scenarios. The operation of the
suggested RS MLI for producing various output voltage
levels is shown in Fig. 2, and the related switching
mechanism is presented in Table | [20]:
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e Case a: Switch S1, is ON (1), flow of current is through
diode D1, and D2, and switches S11 and S12.The output
voltage across the load is +VDCL.

e Case b: S13 and S14 are switched ON, output voltage
across load is —VDCL.

e Case c: When switch S2 is turned ON, current flows
through diode D2 and switches S11 and S12. As a result,
the output voltage across the load is + (VDC1 + VDC?2).

e Case d: S13 and Sl4 are switched ON, output voltage
across load is — (VDC1 + VDC?2).

e Case e: When switch S3 is ON, current flows through
switches S11 and S12, while diodes D1 and D2 are
reverse biased. As a result, the output voltage across the
load is +(VDC1 + VDC2++ VDC3).

e Case f: S13 and S14 are switched ON, voltage output is
- (VDCL1 + VDC2+VDC3).

e Case g: S11 and S13 are activated, resulting in S1, S2,
and S3 being deactivated (0), which yields a zero-voltage
output across the load.

e Case h: S12 and S14 are activated, resulting in S1, S2,
and S3 being deactivated (0), which yields a zero-voltage
output across the load.

1l. MATHEMATICAL MODEL oF SHE-PWM FOR RS
MLI

Selective Harmonic Elimination (SHE) is a low-
frequency PWM approach. The SHE modulation technique
controls the fundamental voltage while eliminating selected
low-order harmonics from the corresponding voltage signal.
After applying the SHE-PWM technique, a small and
straightforward filter can eliminate the remaining high-order
harmonics. In the SHE-PWM technique, the required
nonlinear harmonic equations can be constructed using the

due to quarter-wave symmetry, the switching angles must
satisfy the constraint given by Eq. (1).

s

The first equation in Eqg. (3) controls the magnitude of the
fundamental voltage. The remaining equations are used to
eliminate the selected harmonics. In balanced three-phase
systems, the third harmonic and its multiples are naturally
eliminated. Therefore, in this study, the values of Vg and V,
will be considered.

Viuna = Vpe1 €05 (01) + Vpes cos(0;)
+ Vs cos(63)

VS = VDCl 605(591) + VDC3 COS(592)
+ Vs cos(503)

V7 = VDCl 605(791) + VDC3 COS(792) (3)
+ Vs cos(763)

Solving nonlinear equations can be extremely
challenging. However, using evolutionary algorithms, which
define a specific objective function, can overcome this
challenge. In the 7-level three-phase RS-MLI (Fig. 3), the
fitness function is defined in Eq. (4) to adjust the magnitude
of the fundamental component to the desired value and
eliminate the selected harmonics.

f =min{|Vip = Vi + Vs + V1) (4)

Here, V;,, represents the output voltage obtained when the
calculated angles are applied to the driver. V,.. is the desired

reference voltage, and %e denotes the acceptable error
tolerance, which is selected as 1% in this study.

In the SHE technique, control of the fundamental voltage
is achieved through the modulation index. Eq. (5) defines the
modulation index (M) as the proportion of the desired peak
value of the fundamental voltage to the total DC input
voltage.

Fourier expansion of the output voltage. Equation (2) can Vip ®)
include all harmonic components in the expression of the M= Ve
output voltage. where, VDC1, VDC2, and VDC3 are the ¢
input voltages. 81, 62, and 63 are the switching angles and
n=1,3,5,7,...
Vplwt) = ¥ —— [Vbe, cos(nBy) +Vp¢, cos(nf,) + Vpc, cos(n3)] = [sin(nwt)] @)
TABLE I. SWITCHING SCHEMES OF 7-LEVEL RS MLI
Switching state S1 S2 S3 S11 S12 S13 S14 D1 D2
VDC3 0 0 1 1 0 0 0 X X
Vbe2 0 1 0 1 1 0 0 X v
Vbci 1 0 0 1 1 0 0 v v
0 0 0 0 1 0 1 0 X X
0 0 0 0 0 1 0 1 X X
~Vbci 1 0 0 0 0 1 1 v v
—Vpc2 0 1 0 1 0 0 1 X v
—~Vpes 0 0 1 0 0 1 1 X X
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Fig. 3. RS MLI setup for producing various output voltage levels: (a) case a: + Vdcl, (b) case b: — Vdc1; (c) case c: + (Vdcl+ Vdc2), (d) case d: — (Vdcl+
Vdc2), (e) case e: + (Vdcl+ Vdc2+ Vdc3), (f) case f: — (Vdcl+ Vdc2+ Vdc3), (g) case g: 0, (h) case h: 0

Total Harmonic Distortion (THD) is a measure of the total
harmonic content in a signal relative to its fundamental
frequency component. It quantifies the degree to which a
waveform deviates from a pure sinusoidal shape due to the
presence of harmonics. In power systems, a low THD
indicates high power quality, while a high THD can reduce
system efficiency and potentially harm connected equipment.
Mathematically, THD is defined as:

m=2 V2 ()

THD = 4
Vl

2 2 2
THD — JVE + V2. +V2 )
Vi
/12 2
THD = Vs + V7 8
Vi

Where, V;,, RMS value of the n-th harmonic component,
Vi, RMS value of the fundamental frequency component.
THD is typically expressed as a percentage and is a key
parameter for evaluating the purity and quality of electrical
waveforms in various applications. In three-phase systems,
harmonics that are multiples of 3 are typically ignored.
Additionally, the calculation of Total Harmonic Distortion
(THD) usually considers harmonics up to the 49th order.
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Therefore, Equation (6) can be revised and expressed as
Equation (7). For THDe, only the 5th and 7th harmonics are
considered [68]-[73].

V. PHOTOVOLTAIC INTEGRATED THREE-PHASE
REDUCED SWITCH MULTILEVEL INVERTER

Fig. 4 illustrates the arrangement of the PV-based three-
phase seven-level RS MLI system that is explored in this
study. Incremental Conductance (IC) Maximum Power Point
Tracking (MPPT) approach, a DC-DC boost converter, and
the RS MLI design are used in order to incorporate
photovoltaic panels. When conventional multilayer inverters
(MLISs) are used, the Total Harmonic Distortion (THD) that
they produce is often larger. As a consequence, the use of
large filters is required in order to mitigate this phenomenon
[21]. Furthermore, the number of components required for
traditional MLIs increases as the voltage levels rise,
prompting researchers to explore alternative topological
designs for improved performance [74]-[80].

V. PrRoOPOSED SSA-BASED SHE-PWM METHOD

A. Sparrow Search Algorithm (SSA)

Sparrow Search Algorithm (SSA) is one of the recent
developments in nature inspired swarm-based algorithm and
proposed by Xue and Shen [19]. SSA is based on how
sparrows, the subject of social simulation, behave when they
are searching for food and how these birds work in teams.
Many works have reported investigating SSA performance,
comparing it to other optimization methods. Regarding the
rates of convergence, the mathematical expectations of the
convergence speeds have stable and encouraging results that

SSA frequently surpasses in many optimization problems
other algorithms of the mentioned group. For instance, SSA
has been implemented to deal with the engineering problems
like the power systems optimization, the parameters’
estimation in the control systems, and manufacturing process
enhancement. However, research and practical experience
with SSA show that, in addition to high performance, it offers
relatively easy configurability and has fewer control
parameters compared with other metaheuristic algorithms,
thus making it available to researchers and professionals of
various fields. In the SSA algorithm, sparrows have learned
behaviors that are crucial in their day-to-day existence. These
behaviors include:

e The algorithm divides sparrows into two categories:
producers and searchers. The producers are also involved
in the searching for foods or in looking for raw food or
figures of a potential food direction, as illustrated in Fig.
5. Instead, searchers are interested in finding sources of
food that have been located by producers themselves.

e Sparrows show a defensive posturing as they move about
in search of food. For this reason, a sub SPEA of sparrows
is chosen to be called “scouters” that hunt for the
predators to alert the rest. Observers use alarms when they
see danger, such that producers and searchers can move
away from the risky zone.

The population has therefore an effective switching of
roles among the producers and searchers aimed to maximize
the discovery of the food sources. Yet, the number of
producers and searchers combined does not change during
this process either

Fig. 4. Model of a Three-Phase Seven-Level RS-MLI Integrated with Photovoltaic Panels and a DC-DC Boost Converter constructed in MATLAB/Simulink
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Fig. 5. Searching and finding food sources by growers and foragers [19]

v

Step 1: Prepare Steps for the SSA Algorithm Let the
initial values of the Sparrow Search Algorithm (SSA) be
initialized as; N and G,,,, are used to denote the population
size and the maximum number of iterations respectively,
while Np was the producer’s population size, Ns was the
searcher population size and Nsc was the scout population
size respectively. Optimal choice of these parameters
improves the flow of the algorithm as well as its
effectiveness.

Step 2: Generate Initial Population in this step, the
population is created the population is composed of N
sparrows. The positions of the sparrows are described by
matrices of size of N x D, where D is the dimensionality of
the search space (8). Every record of the matrix indicates the
location of a sparrow, which is given by x; = (x;; 1, x;; 2, ...,
x;; D). Here, € and & means the j-th decision variable of the
i-th sparrow, where j = 1, 2, ..., D. The elements x;, j are
given random values within the bounds Ibj (lower bound and
ubj upper bound. The fitness of each position of sparrows is
modeled using a fitness function with the representation f(x;,
j) forall I € (1,2,...,N). Subsequently, the fitness values
are computed and the position of the best sparrow in the
population is decided and known as x¢best,

X114 X12 X13 - X1p
X2,1 X2 X3 - X2p

(8)

Population =

XN1 XN2 XNg3 XN,D

Step 3: Dividing the Total Population into Makers and
Seekers the population is divided into two categories:
producers and searchers. Producers are the most competent
sparrows in the population in terms of food searching and
directing other sparrows on where to find foods. The later,
however, try to look for food based on the indications given
by the producers. This distinction is not fixed, in that
assignment to each group is changed during each iteration of
the process. The variables g chosen as current and G,,,,, as
maximum iterations in line 2 and « is a random number
between 0 and 1. r € [0, 1] is readjusted according to the
values of ST € [0.5,1], representing alarm and safety
thresholds, while the random number Q@ of normal
distribution is used. The vector L is initialized with all its
elements to 1 and it will have the size of D. In the case of r <

N o

FErs
“".l-':f'%‘ T at X L
o LTIG

e
¥ o
@2

\ p :
Find the food source by scrouh

ST, the producers go on searching on their own. But if r >
ST all the sparrows are made to shift to safer regions because
danger is inherent according.

Step 4: Update Sparrow Positions Sparrows’ positions
are adjusted through iterations in order to enhance their
fitness. Producers update their positions in the market more
so than the searchers do. The position update of the producers
is calculated with the help of Equation (9) and searchers using
Equation (10). Equation (10) is to show the change in the
position of the least fit sparrow, and xF?¢st symbolizes the
best position identified by the i-th producer. The vector A
consists of D elements of which each of them has random
numbers generated between 1 and -1. It is position adjustment
matrix At = AT (AAT)™* that is used in the process. If i >
N /2, the searcher must go to another area in the search for
food and conversely if i = N/2 the searcher will try to look

for food around the location of the best performing sparrows
beest.

x,(g+1)
—i
x;,;(g) X exp <r

Gm ax

x;,j(g9) + Q@ X Lr = ST.

)r < ST, ©)

x,;(g+1)
xWOI‘S _ x', (g) ] N
Q X exp (—] iz 2 > X (10)
Pbest Pbest + : N
X; —|xi,j(g)—xj |><A X L lSE.

Step 5: Choose and Change Scout Officers as scouts who
look for dangers, 10 to 20 percent of the populace is selected.
The update of positions of these scouts is done applying
Equation (11). In Equations (11) and (13) where xF?¢st is the
best position found in the population and xworst is the worst.
The value of § B depends on the step size which is normally
distributed within zero and one variance; and k is an arbitrary
chosen figure which ranges from -1 to 1. Sparrows of the i-th
order which have a value of f(x;(9)) > f(x¢b¢t) are
considered to be unsafe position. On the other hand, when
f(x;(9)) = f(xCPest), it means the best candidate is toward
the center of the swarm.
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W () > f(xet),
W2, () = f(x®).
wl — ijbest + ,8 X |xi,j(g) _ x]{ibest | (12)

x;j(g) — %" ) (13)

x,(g+1) = { (11)

f(xi(g)) — f(xWors) +p

Step 6: Evaluate and Update Positions in every iteration,
their position is changed if the new position enhances its
fitness goal at that iteration. The old position is substituted by
anew position x;(g + 1) if f(x;(g + 1)) < f(x;(g)) for
all sparrows in the population, i € (1, 2, ..., N.

Y2 =x;;(9) + K x (

Step 7: Update Best Sparrow Paosition after updating the
sparrow positions, the next step is to check a fitness of the
new position is less than the fitness of the global best solution
f(x;(g + 1)) Then, update the global best position x¢2¢st,

Step 8: Check Termination Condition perform steps 3 to
7 set until the number of iterations times G has arrived

maximum allowed of iterations G,,,,. If G4, iterations have
been completed the algorithm stops.

VI. TEST AND RESULTS

The optimization of the SHE equations for the three-phase
7-level RS-MLI configuration was tested in the MATLAB
Simulink environment using GA, PSO, and BO algorithms.
For each algorithm, simulations were independently
conducted ten times, with 50 individuals and 100 iterations
per run. The best solutions obtained were then used to
simulate the results over the modulation index range from 0
to 1 in MATLAB Simulink. The SSA optimization code
provided in [19] was modified to apply to the multilevel
harmonic elimination problem and was implemented using
MATLAB software. The simulations were performed on a
laptop with an AMD Ryzen 9 7845HX processor (5.2 GHz),
32.0 GB RAM, and a GeForce RTX™ 4070 NVIDIA
graphics card. The simulation results are presented in Table
Il for GA, Table IlI for PSO, and Table IV for SSA.

TABLE Il. SWITCHING ANGLES CALCULATED WITH GA

GA-SHE
m 0, 0, 03 Vref(max) V1p(rms) error (%) THD (%) THD (%) 5th (%) 7th (%)
0.10 84.282 86.116 86.116 15.00 14.97 0.20% 220.06 135.91 97.46 94.74
0.20 64.114 87.949 90.000 30.00 29.98 0.07% 53.45 40.96 40.38 6.86
0.30 47.441 89.152 89.152 45.00 44.86 0.31% 30.51 17.65 11.08 13.73
0.40 46.811 75.688 89.381 60.00 59.87 0.22% 19.96 9.40 8.84 3.20
0.50 41.310 65.088 89.668 75.00 74.82 0.24% 17.31 244 0.69 2.34
0.60 42.170 58.900 81.016 90.00 89.77 0.26% 13.67 3.96 3.69 1.46
0.70 16.329 49.332 87.834 105.00 104.70 0.29% 15.46 2.68 0.72 2.54
0.80 0.057 28.476 89.668 120.00 119.70 0.25% 13.88 2.52 2.52 0.13
0.90 14.152 38.847 68.182 135.00 134.60 0.30% 12.11 4.87 2.87 3.94
1.00 8.652 30.309 59.759 150.00 149.6 0.27% 9.06 2.97 2.79 1.04
TABLE Ill. SWITCHING ANGLES CALCULATED WITH PSO
PSO-SHE
m 0, 0, 03 Vref(max) V1p(rms) Error (%) THD (%) THD (%) 5th (%) 7th (%)
0.10 76.433 89.970 89.970 15.00 14.97 0.20% 109.58 99.94 79.13 61.04
0.20 62.038 90.000 90.000 30.00 29.80 0.67% 38.45 28.77 27.55 8.28
0.30 52.739 87.094 87.094 45.00 44.95 0.11% 46.07 12.52 11.04 5.91
0.40 44.613 76.667 90.000 60.00 59.91 0.15% 16.94 6.35 3.99 4.95
0.50 40.741 65.669 89.517 75.00 74.39 0.81% 17.39 0.55 0.34 0.43
0.60 38.703 59.245 82.996 90.00 89.77 0.26% 11.31 1.71 0.61 1.60
0.70 38.432 54.034 73.818 105.00 104.70 0.29% 12.24 0.21 0.17 0.12
0.80 29.215 53.999 64.890 120.00 119.80 0.17% 10.53 0.30 0.23 0.20
0.90 17.464 43.060 64.149 135.00 134.70 0.22% 11.81 0.03 0.01 0.01
1.00 11.644 30.674 58.362 150.00 149.6 0.27% 7.71 0.68 0.60 0.32
TABLE IV. SWITCHING ANGLES CALCULATED WITH SSA
SSA-SHE
m 0, 0, 03 Vref(max) V1p(rms) Error (%) THD (%) THD (%) 5th (%) 7th (%)
0.10 76.372 90.000 90.000 15.00 15.01 -0.07% 109.13 99.51 79.08 60.41
0.20 61.885 90.000 90.000 30.00 29.94 0.20% 37.79 28.40 27.01 8.80
0.30 51.218 85.383 90.000 45.00 44.90 0.22% 32.97 10.38 4.36 9.42
0.40 45.873 75.745 90.000 60.00 59.89 0.18% 17.66 7.04 6.33 3.10
0.50 40.769 65.826 89.356 75.00 74.87 0.17% 17.46 0.09 0.04 0.08
0.60 39.436 58.585 83.099 90.00 89.83 0.19% 12.36 0.05 0.02 0.04
0.70 38.337 53.937 73.962 105.00 104.80 0.19% 12.25 0.03 0.01 0.03
0.80 29.229 54.339 64.579 120.00 119.70 0.25% 10.69 0.07 0.03 0.06
0.90 17.507 43.052 64.141 135.00 134.60 0.30% 11.82 0.02 0.01 0.01
1.00 11.644 30.921 58.425 150.00 149.9 0.07% 7.78 0.01 0.01 0.01
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The convergence curves of the three algorithms are shown
in Fig. 6. The convergence curves reveal that SSA achieved
the optimal value in only 27 iterations, showcasing the fastest
convergence among the three algorithms. PSO reached its
best solution at the 70th iteration, while GA achieved its
optimal value at the 57th iteration. Although GA required
fewer iterations than PSO, it produced the least effective
result overall. In contrast, SSA not only converged more
rapidly but also delivered the most accurate and efficient
solution, demonstrating superior performance compared to
the other algorithms. The switching angles obtained using
GA, PSO, and SSA algorithms for low, medium, and high
modulation indices were applied to the Simulink model of a
three-phase seven-level RS-MLI in Fig. 4. The voltage
waveforms generated for a modulation index of 1.0 using the
GA, PSO, and SSA algorithms are presented in Fig. 7.

Convergence (GA) %10

Convergence (PSO)

Fig. 8 presents the harmonic spectrum analyses of the GA,
PSO, and SSA algorithms for a unit modulation index. When
the switching angles determined by the GA were applied to
the inverter, the fundamental voltage value was obtained as
149.6 V (max) with a 0.27% error, and the THD value of the
load voltage was measured at 9.06% (Fig. 8(a)). The PSO
algorithm achieved a fundamental voltage of 150.1 V (max)
with a 0.07% error and a THD value of 7.85% (Fig. 8(b)).
Finally, the SSA algorithm yielded a fundamental voltage of
149.9 V (rms) with 0.07% error and a THD value of 7.78%
(Fig. 8(c)). Fig. 9 illustrates the harmonic suppression
performance of various algorithms for specific harmonics. As
shown in Fig. 9(a), the THD value achieved using the GA
algorithm is 2.97%. In Fig. 9(b), the THD is reduced to 0.12%
with the application of the PSO algorithm. Lastly, in Fig. 6(c),
the THD is calculated as 0.01% with the use of the SSA
algorithm.
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VII. CONCLUSION

This research offers an extensive analysis of three
optimization algorithms namely Genetic Algorithm (GA),
Particle Swarm Optimization (PSO), and Salp Swarm
Algorithm (SSA) in an application of a three phase, seven
level Reduced Switch Multilevel Inverter (RS-MLI) for
Selective Harmonic Elimination (SHE). The following
outcomes revealed that SSA converges much faster, works
with greater accuracy while suppress the harmonic more
efficiently comparing with GA and PSO. In particular, the
optimal solution has been determined in 27 iterations by SSA,
which is less than GA with 57 iterations and PSO with 70
iterations while providing the best solutions with least
harmonics distortion. These reporting suggests the possibility
of using SSA in improving inverter efficiency, especially for
high-power and renewable energy systems.

However, few limitations can be considered while
inferring from these results. First, the study mainly
considered the performance of SSA under definite
experimental input such as exact population sizes and
numbers of iterations. We did not investigate on how SSA
response to these parameters such as population size, iteration
count, and modulation index range. Highly specific
information on ratios of convection and radiation heat
transfer coefficients and other parameters could be explored
in the future to examine the effects of these parameters on the
efficiency of SSA and define how SSA may best be
configured to operate under various conditions. Moreover, all
the results presented in this work were obtained under
controlled circumstances and additional experiments are
needed to assess SSA’s performance for real-world scenarios
with fluctuating loads, temperature and system noise.

However, SSA was shown to deliver better harmonic
attenuation than the Pl loop, and the experiment did not
consider the possibility of overfitting the signals, nor was it
carried out with different types of inverters or when applied
to various applications. The above findings show that there is
a research potential to analyze the performance of SSA under
different environ and combining SSA with other optimization
methods to improve its reliability and performance. Further,
the extent to which SSA can be employed for other formats
of MLI and for more extensive and diverse applications in
high power, complicated structures should be investigated.

The SSA can be used synergistically to other control
strategies in order to enhance its feasibility in practice
especially with respect to situations where fine-tuned,
dynamic and responsive control systems are required. In the
future work, it might be interesting to examine the interaction
of SSA with other optimization algorithms as DE or ABC, in
order to improve the performance of the method in various
optimization problems.

This research enriches the existing literature in the field
of optimization techniques for the design of multilevel
inverters, making an argument that SSA enables improved
harmonic mitigation and the quicker convergence of results.
In applying SSA for SHE problems, the engineers and
researchers can enhance the performance of the multilevel
inverters appropriate for high quality renewable energy
systems and power electronics applications. It is suggested

that SSA holds a unique potential for targeting optimization
issues in multilevel inverter applications, is therefore
indicated that future work will investigate the real-life
applicability and synergistic use of SSA with other
optimizations techniques. Future work should cover the
aforementioned limitations, and we encourage the
researchers to study SSA’s performance in more complex
scenarios including dynamic loads and real-time control to
assess its effectiveness in real world inverter designs.
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