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Abstract: Multilevel inverters are a new class of dc-ac converters designed for
high-power medium voltage and power applications as they work at high switch-
ing frequencies and in renewable applications by avoiding stresses like dv/dt and
has low harmonic distortion in their output voltage. In variable speed drives and
power generation systems, the use of multilevel inverters is obligatory. To esti-
mate the switching positions in inverter configuration with low harmonic distor-
tion value, a fast sequential optimization algorithm has been established. For
harmonic reduction in multilevel inverter design, a hybrid optimization technique
combining Firefly and the Genetic algorithm was used. In several real-time sys-
tems and for solving complex engineering problems, optimization approaches
are gaining popularity. Based on Grey Wolf Optimization (GWO), this research
paper proposes a novel multilevel inverter architecture. The GWO algorithm is
based on the natural leadership hierarchy and hunting mechanism of grey wolves
(Canis lupus). The Grey Wolf Optimizer (GWO) algorithm is used to find the best
switching angles for a cascaded multilevel inverter in order to eliminate some
high order harmonics while sustaining the desired fundamental voltage. The pro-
posed inverter has 15 stages, and the circuit’s unique feature includes a limited
switching device. This proposed method comprises, MOSFET-based switches
well as three DC sources in the main circuit. The switching parameters of the
inverter topology are tuned using GWO in this methodology. The THD value
of the proposed system is reduced to 6.629% compared to that of Multilevel
Inverter using Genetic Algorithm, standalone power supply, Firefly assisted
Genetic Algorithm, hybrid APSO algorithm, DC voltage regulation and FPGA.
A few simulation studies have been included in this paper to affirm the capability
of the hybrid topologies with various condition parameters, dynamic changes, and
modulation indexes.
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1 Introduction

The multilevel inverters contribute a pivotal act accordingly in the adjustable speed drives and
renewable energy generation systems. A novel 7 level inverter design was proposed in [1] and the results
were associated with a classical H-bridge inverter. An asymmetrical multilevel inverter with a decreased
number of switches was proposed in [2], 8 switches were utilized for the generation of 15 level inverter
output. A novel cascaded multilevel inverter was proposed in [3], 11 &15 level inverter design was also
proposed. The laboratory measurements reveal the performance. A novel multilevel inverter STDH-MLI
(single T-type and double H-bridge multilevel inverter) was suggested in [4] for the 15 levels using three
voltage DC sources. A detailed review has been conducted in [5] that highlight the different
configurations of the multilevel inverter with the triggering types and its applications.

The classical cascaded multilevel inverter needs multiple DC sources and more switches, a fast recursive
optimization algorithm has been established to estimate the switching positions in inverter configuration with
a minimized harmonic distortion value. A thorough investigation has been conducted concerning diverse
inverter topologies based on total switches, switching techniques, and control strategies. A novel
multilevel inverter was designed for photovoltaic applications and the hardware implementation was also
carried out using an FPGA chip. PD-PWM (Phase Disposition Pulse Width Modulation) was employed in
the design of a 15-level inverter using d-space [6]. A real-time multilevel inverter analysis through Grey
Wolf Optimization enables the best possible modulation with limited switching equipment. The
enhancement in the power quality by diminishing the harmonic distortion in the 11-level inverter is
facilitated in [7]. The genetic algorithm was deployed to determine the optimum switching angles of the
switches. A hybrid optimization technique comprising of Firefly and the Genetic Algorithm was
employed for the harmonic reduction in multilevel inverter design [8]. The hybrid asynchronous PSO-
Newton-Raphson (APSO-NR) was utilized in [9] for harmonic reduction in the multilevel inverter design.
The Selective Harmonic Elimination PWM (SHEPWM) was utilized in this work for switching the inverter
topology. Regulating DC voltage supply has been used in [10]. A 3-phase 11-level cascaded H-bridge
methodology multilevel inverter with diverse approaches such as teaching-learning-based optimization
(TLBO), hybrid particle swarm optimization with Grey Wolf Optimization and so on, were examined in
[11]. The radial basis function neural network architecture was employed in [12] for the minimization of
harmonics in single DC source multilevel inverter topology. The Bee optimization algorithm was employed
in [13] for the optimization of harmonics in the multilevel inverter topology. The pattern search technique
was employed in [14] for the limitation of HD in the cascaded H bridge inverter. As a result, the system
would be more cost efficient [15]. The asymmetrical MLI topologies were proposed to address this
constraint [16]. The utilization of two-level inverter is not suited for high voltage and high power situations
and to address this problem multilayer inverter is applied. Other types of inverters have lower efficiency,
higher costs, and more switching losses, which encouraged this research. Furthermore, the excellent
efficiency and low switching losses of the 15-level multilayer inverter are driving this research. The major
contribution of this research work is categorized into three. The first part deals with parameter tuning of
GWO, the second part includes the operation of GWO and the final step includes the harmonic reduction of
the multilevel inverter through GWO. The subsequent Section 2 describes the materials and methods of the
research.

2 Materials and Methods
2.1 Multilevel Inverter with Parameter Tuning by Grey Wolf Optimization

The proposed research work focuses on the design of the multilevel inverter with the limited power
electronic switches. The 15 level inverter design was anticipated in this research and the basic functional
diagram of 15 level inverter is shown in Fig. 1. A single H bridge inverter is used in this research work
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and MOSFET switches are used. The input to the H bridge inverter is fed by a circuit comprising of
3 MOSFET switches with freewheeling diodes and capacitors.
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Figure 1: Proposed 15 level inverter topology

In the proposed model, two circuits are there; the level circuit (1) and the polarity circuit (2). The level
circuit comprises of three switches (S1, S2 and S3) that generate 15 level step waveform output and the
polarity circuit utilizes four switches (S4, S5, S6 and S7) that generate a bipolar output voltage. The
switches S4 and S5 generate positive polarity output voltage, while the switches S6 and S7 generate a
negative polarity output voltage. The three DC voltage sources used in this work can generate 15 levels of
output voltages (7, 6, 5,4, 3,2,1,0,-1, -2, -3, -4, -5, —6 and -7 V).

The H bridge inverter circuit is depicted in Fig. 4. A single H bridge inverter is used in this research work
and MOSFET switches are used. A parallel combination of a diode and a capacitor is connected in shunt
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across the three switches. The multilevel carrier pulse width modulation scheme is employed in this work. The
sinusoidal waveform is the source signal and the triangular waveform is the carrier signal. The multiple carrier
signals relies on the configuration of the inverter topology. The carrier waveform is compared with the source
signal continuously and while carrier signal amplitude is smaller than the reference point, the corresponding
control is turned on. Each carrier signal is related to one switch in the circuit.

Let the amplitude and frequency of the sinusoidal and reference signal be A, and f,.r respectively.
The values of the AMI (amplitude modulation index) and the FMI (frequency modulation index) is
represented as follows.

. Aref
M= = 1) Ay M
my = J{—; (2)

2.2 Grey Wolf Optimization

The GWO (Grey Wolf Optimization) algorithm is employed in this work to estimate the optimum switch
angles of the switches. The objective of the inclusion of the optimization technique is to limit the HD in the
inverter output voltage. The GWO is a bio-inspired optimization algorithm formulated from the biological
traits of Grey Wolf (Canis Lupus, which belongs to Canidae biological family). In the food chain
structure, it holds the top position. They usually live in a group and the flock size is 5—12. Within the
grey wolves family itself, different classifications are there. They follow a strict dominant hierarchy.

Alphas: The alphas (o) group are leaders and they may be of any gender. The obligation for making
decisions regarding hunting sleeping and other duties relies on them. The decisions taken by the alphas
are delivered to the lower classes. They are considered the most dominant ones since their orders matting
takes place within the alphas themselves. The count of alphas is low in number in the hierarchy and they
have the leadership skill in managing the entire group.

Betas: The next level of wolves in the hierarchy are betas and they assist alphas in the process of making
decisions. The beta wolf also includes either gender and in case, if an alpha wolf is dead, it will get an
opportunity to become the leader. In general, beta wolves respect alphas and monitor, control
subordinates. The beta wolves implement the rules of alphas and provide feedback to the alpha.

Deltas: Delta wolves serve alphas and betas but they control omegas. The different category of delta
wolves are as follows; Scouts: They watch the boundary and in the case of any danger, they generate the
signal, Sentinals: They are called security of the group, Huntsmen: They help alphas and betas in chasing
for food, Caretakers: They are responsible for the caring of the week and ill wolves.

The mathematical formulation of the GWO is as follows

Social Hierarchy: While solving a problem using Grey Wolf Optimization, Social Hierarchy of the
wolves is vital. The best optimum solution is alpha (o), the 2" and the 3™. The optimal solutions are
referred to as beta () and delta (). The equilibrium solutions are . The hunting (Optimization) was
performed by the Omega () wolves as follows by these three wolves.

Encircling Prey: The GW endure throughout the act of hunt. Mathematically; the enfolding behaviour
is represented as follows
= —-—
D=|CG,(t) - G(1)] A3)

- — -

Git+1)= G, (t) —AD 4)
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- - — -
where A4 and C are coefficient vectors, ¢ denotes the current iteration, G, is the prey’s position vector, and G is the grey
wolf’s position vector.

The coefficient vectors are calculated and expressed in the following manner.

A=2ar —a (%)
C=27r (6)

Through the loops, the components decrease linearly from 2 to 0. The random vectors r; and 1, are
identified in the set [0,1].

Hunting: GW (Grey Wolves) can identify the prey and encircle them. In hunting, alpha and beta wolves
mainly participate and deltas rarely participate. According to the search agent (SA), we select the perspective
of the best search agent by the three optimal solutions. The equations are as follows:

— —_— - — —— - — —— -

DO(:|C1GO<—G], D/;:|C2G/;—G|, D5:|C3G5—G| @)
— — _— — — — _— —

G =Gx — 41 (Dx), Gy = Gg — 4> (D/;),

Gy = Gy — 45 (Dy) ®)
. G+ Gy + Gs

G(;+1):$ 9)

Attacking Prey: When it stops moving, it finishes the hunt by attacking the prey. By the mathematical
method, d@ value is decreased by approaching the prey. A has the fluctuation range which is deceased by using
d. In interval [—a, a], A has a random valve, where the course of the iteration d is reduced from 2 to 0. If the
interval is [-1, 1], A has a random value, where the perspective of the search agent is in the intermediate of
the existing location and the location of the prey.

The pseudocode of the GWO algorithm is as follows.
Initialization of GW population G,(i=1, 2, 3,..., n)

Determine a, A and C

Estimate the fitness of every SA

G : The optimal SA

?/; : The second optimal SA

?5 : The third optimal SA

While (t <max number of iteration)
For every SA

Update the location of the present SA end for
Update a, A and C
Evaluate the fitness of all SA

Update the values of Y,, Yg, and Y;s
t=t+1

End while

Return

The flow chart of the GWO is depicted in Fig. 2.
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Figure 2: Flow chart of the GWO

2.3 Harmonic Reduction in the Multilevel Inverter by GWO

The expression for the total harmonic distortion (THD) is as follows.

2
., Vo

=3,5
THD = \/Zn 3 7,
Vl
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(10)

From the expression, it is clear that to minimize the THD, the quantity of lower-order harmonics have to
be eradicated. Consider the case of an 11 level inverter, the third, fifth, seven and ninth order harmonics are

eliminated as follows;

cos(0,) + cos(6,) + cos(B;) + cos(Bq) + cos(6e) = 5Sm,

c0s(36,) + cos(30y) + cos(36,)
cos(50,) + cos(56y) + cos(56,)
cos(76,) + cos(76y) + cos(76.)
cos(96,) + cos(96;) + cos(96,)

+ cos(364) + cos(30) =

( (3

+ cos(564) + cos(56,
( (
( (

) )=
+ cos(704) + cos(76,)
+ cos(96,) + cos(96,)

)]
(12)
(13)
(14)
(15)
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For the elimination of harmonics, the classical method employed is the Newton Raphson Method [17]
and the Genetic algorithm [18] is also widely used in many inverter topologies. In the proposed research
work, Grey Wolf Optimization was employed for the optimum selection of switching phase present in the
inverter topology. The manual tuning of switching phase was replaced by the automatic tuning by Grey
Wolf Optimization algorithm.

The following Section 3 emphasizes the Simulink findings and review of the intended work.

3 Results and Discussion

The algorithms are developed in MATLAB 2019a and the script code, Simulink model was used. The
GWO was written in script code and the optimum values of the switching angles are passed to the Simulink
model. The 15-level inverter Simulink model (main block) is demonstrated in Fig. 3.
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Figure 3: Simulink model of 15 level inverter (main block)

To estimate the optimum switching angles of the inverter circuit, optimization algorithms play a pivotal
role. Fig. 4 shows the H bridge inverter topology. The number of training samples (Grey Wolves) and
iterations are modified, and the switching angles are determined. The global best position of the GWO
estimates the optimum value of switching angles. The MLPWM Simulink circuit is shown in Fig. 5.

The number of iteration was changed from 30 to 100 and the results are depicted in Tabs. 1-4. Tab. 1
depicts the best solution obtained by GWO for the various number of iterations. Multilevel inverters with
redundant switching however, includes switching losses due to the high-frequency switching so fewer
possible switching is preferred over the existing techniques.
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Table 1: Best solution obtained by GWO for various number of iterations
No. of Best solution obtained by GWO
erati
iterations 20 ol 0 o3 o4 o5 o6 o7
30 0.0754  0.6346  0.0206 0.0437  —-0.0097  0.0973  0.0368 0.0012
40 0.0669  0.5559  0.0228 0.0732  0.0128 0.0910 0.05199 -0.01161
50 0.0742  0.6071  —0.0480 0.0397 —0.0705 0.0846  0.0001 0.0143
60 0.0721  0.6091  0.0030 0.0860  —0.0629  0.0693  0.0589 0.0145
70 0.0734  0.6227  0.0019 0.0524  -0.0126  0.0724  0.0377 —0.0071
80 0.0764  0.6152  0.0057 0.0082  —-0.0059 0.0847 0.0140 —-0.0120
90 0.0767 05722  —0.0266  0.0486  —0.0092  0.0855  0.0391 —0.0286
100 0.0762  0.5810 —0.0169  0.036 —0.0219  0.0506  0.0376 —0.0063
Tab. 2 depicts the best optimal solution obtained by GWO for various SA.
Table 2: Best optimal solution obtained by GWO for various SA
No. of iterations 30 40 50 60 70 80 90 100
Best optimal solution  6.6743  6.6517  6.6669  6.6605 6.6663 6.672 6.6709 6.6558
Tab. 3 depicts the MLPWM parameters for various iteration count of GWO algorithm.
Table 3: MLPWM parameters for various iteration count of GWO algorithm
No. of Parameters tuned by GWO
terations T0 Tl T2 T3 T4 Ts T6
30 0.00 1.02 2.04 2.99 4.10 5.06 6.00
40 0.00 1.02 2.07 3.01 4.09 5.05 5.99
50 0.00 0.95 2.04 2.93 4.10 5.08 6.00
60 0.00 1.00 2.09 2.94 4.07 5.06 6.01
70 0.00 1.01 2.05 2.99 4.07 5.04 5.99
80 0.00 1.01 2.08 2.99 4.08 5.01 5.99
90 0.00 0.97 2.05 2.99 4.09 5.04 5.97
100 0.00 0.98 2.04 2.98 4.05 5.04 5.99
Table 4: THD values for the parameters in Tab. 3 for 15 level inverter
No. of iterations 30 40 50 60 70 80 90 100
THD 6.629 6.637 6.718 6.6604 6.738 6.733 6.547 6.683
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Fig. 6 illustrates the simulation outcome of 15 level inverter input and output waveform corresponding
to the number of iterations = 30 and its corresponding spectrum analyzer output is shown in Fig. 7. Switching
pulses for main block circuit is depicted in Fig. 8.
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Figure 6: 15 level inverter input and output waveform corresponding to the number of iterations = 30

Figure 7: Spectrum analyzer output corresponding to the output voltage corresponding to the number of
iterations = 30
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Figure 8: Switching pulses for main block circuit

Tab. 4 depicts the THD values for the parameters in Tab. 3 for 15 level inverter. Tab. 4 results reveal that
with the increase in iteration values also, there is not much significant change in the THD value. The iteration
value of N =30 is appropriate for this research work.

The number of SA was changed from 10 to 30 with an increment value of 5 and the results are depicted
in Tabs. 5-8. Tab. 5 depicts the best solution obtained by GWO for the various number of iterations. Fig. 9
shows a 15 level inverter input and output waveform corresponding to SA =10 and number of iterations =
50 and its corresponding Spectrum analyzer output is shown in Fig. 10.

Table 5: Best solution obtained by GWO for various search agents

No. of Best solution obtained by GWO

h t
search agents ol 9 o ot o5 o6 o7
10 0.0812  0.6350 0.0992 0.0005 —0.0327 0.0291 0.0886 0.0991
15 0.0732  0.5848 0.0271 —0.013 0.0086 0.0107  0.0698 —0.0296
20 0.0729  0.5588 —0.0435 —0.0082 —0.0088 0.0159 0.0084 —0.0226
25 0.0828 0.6119 -0.0541 -0.0491 -0.0902 0.0399 -0.0887 —0.0029

Table 6: Best optimal solution obtained by GWO for various search agents

No. of search agents 10 15 20 25 30
Best optimal solution 6.6614 6.6620 6.6676 6.6571 6.6434
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Table 7: MLPWM parameters for various values of searching agents of GWO algorithm

No. of search Parameters tuned by GWO

agents TO Tl T2 T3 T4 Ts T6
10 0.00 1.10 2.00 2.97 4.03 5.09 6.10
15 0.00 1.03 1.99 3.01 3.99 5.07 5.97
20 0.00 0.96 1.99 2.99 4.02 5.01 5.98
25 0.00 0.95 1.95 291 4.04 491 6.00

Table 8: THD values for the parameters in Tab. 3 for 15 level inverter

No. of search agents 10 15 20 25 30
THD 7.027 6.538 6.594 7.351 7.234
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Figure 9: 15 level inverter input and output waveform corresponding to SA = 10 and number of iterations = 50

Tab. 6 depicts the best optimal solution obtained by GWO for various SA. Tab. 7 depicts the MLPWM
parameters for various iteration count of GWO algorithm. Tab. 8 depicts the THD values for the parameters
in Tab. 3 for 15 level inverter.

Fig. 9 shows a 15 level inverter input and output waveform corresponding to SA =10 and number of
iterations = 50 and its corresponding Spectrum analyzer output is shown in Fig. 10.

Fig. 11 shows the GWO plot for Number of cycle = 30, the total SA =10 and Number of SA =10 and
number of cycles = 50.
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Figuer 11: GWO plot for the two cases (a) Number of cycles =30 and number of SA =10, (b) Number of

SA =10 and the number of cycles =50

The hardware structure shown in Fig. 12 is comprised of two Arduino controllers, one of which is
connected to the PWM and the other of which regulates and tracks the heat sink temperature and enables
the pulse to the PWM circuit to power the EC fans. Besides, the Arduino controller generates PWM
pulses and delivers them to the driver board as input and confers it to a 15 level inverter circuit. Using
the DC fans, the Arduino controller regulates the temperature. The driver transformer imparts the power
supply of driver boards. Driver board is primarily used to reinforce isolation and amplification. The lamp
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loads and power supply are attached to these boards. The further step incorporates the monitoring and
controlling of the temperature and the induced PW pulse is sent to the MOSFET module. In the
MOSFET module, the 12 Volt DC voltage is transformed from AC to DC by means of a bridge rectifier
and filter in the transformer. The two DC fans are powered by a 12 Volt DC supply. The PWM is routed
via a MOSFET IRP40, which controls the speed of the DC fans. It is made up of a power circuit
transformer that supplies power to the driver circuit.

- -
S System connected with |
'(DSO) - Arduino controllers

-,/ Lamp load

: -
ot s 72N\
K et~ | Power circuit
B YT \transformer

Figure 12: Hardware structure of 15 level inverter

The Arduino controller is interfaced with the computer which works with a serial monitor which
displays all nine heat sink temperatures as the differential-based DC fans spin. The average temperature is
between 20 and 30 degrees. The heat sink temperature, PWM, and fan speed increase when the power
supply is turned on.

In the digital storage oscilloscope (DSO), the signal of the 15 stage inverter is obtained, and the lamp
load glows.

The Fig. 13 represents the DSO output of 15 level inverter. Heat sink temperature is monitored in serial
monitor, where any variation in the heat sink varies the speed of the DC fan.

Figure 13: DSO output of 15 level inverter
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Tab. 9 results reveal that with the change in the number of SA also, there is a considerable change in the
number of SA also, there is a considerable change in the THD value. The optimum value of the total SA is
observed to be 15. For comparative analysis, the following works are considered and the results are depicted
in Tab. 9. The comparative study of the proposed novel multilevel inverter topology was made by comparing
with the existing works and the results show the proficiency of the approach.

Table 9: Comparative study of proposed multilevel inverter topology

Design Configuration No. of No. Optimization THD of
H-bridge of phase
inverter  levels voltage

Multilevel inverter using Cascaded 4 9 Newton Raphson (NR) and 33.32% (NR)

genetic algorithm H-bridge genetic algorithm (GA) 21.58%

inverter (GA)

Multilevel inverter-based Cascaded 7 15 - 6.5%

standalone power supply H-bridge

[16] inverter

Multilevel inverter based H-bridge 1 5 Hybrid optimization 13.26%

on firefly assisted genetic inverter comprising of genetic and

algorithm firefly algorithm

Multilevel inverter based Cascaded 3 7 Hybrid asynchronous PSO 12.52%

on hybrid APSO algorithm H-bridge and Newton Raphson

inverter

Multilevel inverter by DC Cascaded 3 7 Genetic algorithm 11.469%

voltage regulation H-bridge

inverter

Multilevel inverter Cascaded 2 5 - 17.4%

employing FPGA [19] H-bridge

inverter

Proposed multilevel H bridge 1 15  Grey wolf optimization 6.629%

inverter topology inverter

The 15 level inverter in Fig. 14 is the proposed novel multilevel inverter design based on the GWO. The
THD value of the novel 15 level inverter design was found to be low associated with the other multi level
inverter topologies.

The subsequent Section 4 illustrates the conclusion of the research work.

THD

50

40

30

: 1

0 | .

3 Level Inverter 5 Level Inverter 7 Level Inverter 9 Level Inverter 15 Level Inverter

Figure 14: Comparative analysis of THD values of multilevel inverter design based on MOSFET switches
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4 Conclusion

This research work proposes a novel multilevel inverter scheme design for 15 levels based on GWO.
The manual tuning of parameters in the classical design was replaced by GWO. The proficient results are
produced for the GWO based parameter tuning in multilevel inverter design with an optimum THD value
of 6.629. The parameter tuning in GWO is simple and hence that makes an attractive solution to this
research work for optimization technique when compared with the classical optimization techniques. The
outcome of this research work can be used for applications in electric drives as well as for renewable
power generation systems.

5 Future Scope

Further improvement in the research work can be done by supplementary levels of inverters in future work.

Supplementary Material

e The script code, Simulink model was used in Fig. 3.
e Comparative study of proposed multilevel inverter topology in Tab. 9.
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