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Abstract—Large electric vehicles are being
introduced as replacements for conventional heavy
internal combustion engine (ICE) vehicles, aiming to
mitigate environmental concerns. Five-phase electric
motors are suggested as propulsion units in these vehicles
due to their advantages in torque smoothness and fault
tolerance. Driving electric motors requires converting
DC power into AC using power converters. Among the
available options, multilevel inverters (MLIs) are one
option that suits this power conversion process.
Compared to a conventional two-level inverter, the MLI
offers the advantages of producing low-distortion output
AC voltage with lower voltage stress on power switches
and higher overall efficiency. However, determining the
switching angles for the MLI is challenging. In this work,
mantis search algorithm (MSA)-based selective
harmonic elimination pulse width modulation
(SHEPWM) technique is proposed to compute the
switching angles for a five-phase MLI. The MSA-
SHEPWM method is compared to that of genetic
algorithm (GA) and particle swarm optimization (PSO)
in terms of the objective function. The switching angles
obtained using MSA-SHEPWM are capable of
producing a low-distorted AC output voltage, in which
the desired fundamental voltage is sustained while
undesired low-order harmonics are successfully
minimized. The effectiveness of the proposed algorithm
has been validated through MATLAB and PSIM
simulations.

Keywords—Multilevel  Inverter,  Pulse  Width
Modulation, Selective Harmonic Elimination, Switching-
angle computation, Mantis Search Algorithm.

I. INTRODUCTION

Internal combustion engine (ICE) vehicles are
among the primary sources of carbon dioxide
emissions. To address this, replacing traditional ICEs
with battery-powered electric vehicles (EVs) is
strongly encouraged [1-2]. In this transition, five-
phase electric motors are gaining attention as

propulsion units due to their superior advantages in
torque smoothness and fault tolerance compared to
three-phase electric motors [3]. Since most of the
battery provides direct current (DC) while the electric
motors in the EVs conventionally require alternating
current (AC), an inverter is necessary. Among various
inverters, multilevel inverters (MLIs) are highly
considered for the DC-AC conversion process to drive
multiphase motors due to their capability in generating
low-distortion AC output voltage with lower voltage
stress on power switches and higher efficiency
compared to traditional 2-level pulse-width
modulation (PWM) inverters [4]. The main types of
MLI topologies include neutral-point-clamped MLI
(NPCMLI), flying capacitor MLI (FCMLI) and
cascaded H-bridge MLI (CHBMLI) [5-6]. Among
these topologies, CHBMLI offers higher modularity,
reliability and simplicity in control [7-8].

Determining appropriate switching angles for
MLIs to produce a low-distortion AC output voltage is
challenging. Several conventional PWM techniques,
such as sinusoidal PWM and space vector PWM
techniques, have been proposed [9-11]. However,
these techniques control the active solid-state switches
in the MLI to operate at high switching frequency,
leading to high switching losses. These switching
losses can be reduced by applying the selective
harmonic elimination PWM (SHEPWM) technique to
the MLIs [12-13]. This technique determines the
switching angles used to control the active solid-state
switches in the MLI to operate at fundamental
frequency to produce a sinusoidal-like staircase AC
output waveform. The determined switching angles
using the technique can control the fundamental
voltage while eliminating or minimizing undesired
low-order harmonics. However, determining the
switching angles conventionally requires solving
multiple non-linear harmonic equations
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simultaneously, which presents a significant
computational challenge. In [14-15], the equations can
be solved using the Newton-Raphson (NR) method.
However, this method is highly dependent on the
guesses of initial switching angles, which are crucial
for ensuring convergence. Selecting appropriate initial
switching angles can be time-consuming, as poor
initial guesses may lead to divergence or failure to find
a valid solution. To overcome this issue, the harmonic
equations are transformed into polynomial equations,
which are then solved using resultant theory [16-17].
However, solving the polynomial equations is
generally more complex, especially at a higher number
of voltage levels, than solving the harmonic equations
directly with the NR method. In [18], the harmonic
equations are converted into an objective function,
which is then solved using soft-computing (SC)
method. This method is less dependent on the initial
switching-angle guesses compared to the NR method
and is simpler to implement than the resultant theory-
based method. However, SC methods cannot provide
switching angles that can exactly solve the harmonic
equations; instead, they only provide approximate
switching angles that are close to the exact solution.
Hence, identifying the switching angles that closely
match the exact solution using SC methods remains a
challenging task. Among the various SC methods,
genetic  algorithm (GA) and particle swarm
optimization (PSO) are employed to determine the
switching angles [19-21]. However, both GA and PSO
are prone to getting trapped in local minima when
solving the SHEPWM problem in MLIs. This may
occur due to the insufficient capabilities of their
algorithms in exploration and exploitation, which limit
their ability to find better solutions. To address this
limitation, it is desirable to explore an alternative SC
method with the potential to outperform GA and PSO
in determining better switching angles.

In [22], an SC method, the mantis search algorithm
(MSA) was introduced. This SC method has
successfully addressed various optimization problems,
including the characterization of silver nanoparticles,
characterization of PV Panel, economic dispatch in
combined heat and power systems, parameter
optimization for multimodal biometric recognition
and pattern recognition of partial discharge faults in
switchgear [23-27]. However, MSA has not yet been
applied to solve the SHEPWM problem in five-phase
MLI. Therefore, in this paper, the MSA is proposed to
solve the SHEPWM problem for a five-phase seven-
level CHBMLI. To evaluate its performance, MSA is
compared with GA and PSO in terms of objective
function using MATLAB simulations. For further
validation, the switching angles obtained from MSA
are implemented in a five-phase seven-level CHBMLI
model in PSIM software.

II. FIVE-PHASE SEVEN-LEVEL CHBMLI

A. Topology

Figure 1 illustrates the circuit topology of a five-
phase seven-level CHBMLI. The figure shows that
each phase of the seven-level CHBMLI consists of
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three identical H-bridge (HB) modules connected in
series, denoted as HB1, HB2 and HB3. Each HB
module is a full bridge circuit, comprising a DC
voltage source (Vi) and four active solid-state
switches (SW, SW», SW3 and SW3). It is assumed that
all V4 have equal magnitudes. Every HB module can
produce an output voltage waveform with three DC
voltage levels of +1Vyc, 0V4c and —1 V.. By applying a
proper switching state and three switching angles (a1,
oy and a3), the summation of the output voltages
generated by the three HB modules in each phase can
synthesize a staircase seven-level output phase voltage
(Vpn) waveform, involving +3 Ve, +2 V4, +1 Ve, 0V,
—1 Ve, 2V4. and =3 Ve, as shown in Fig. 2.

HB Module

SWJ

Ve

SW|
sw| SWJ%}
|

Fig. 1. Five-phase seven-level CHBMLIL
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Fig. 2. Output V},, of five-phase seven-level CHBMLI.

B. Switching State
Table 1. Switching states for five-phase seven-level CHBMLI.

Voltage HB1 HB2 HB3
level

NS SWy SWs SWa SWh SW2 SWs SWa SWi SWa SWs SWa
Ve | x x [ x x [ 1 x x |

+2V4e / X x / x x / / x x / /
+3 Ve / X X / / X X / / X X /

0Vae X X / / x x / / X x / /
—1Vae X / / x x x / / x x / /
2Vee % / / X x / / X X x / /
—3 Ve X / / x x / / x X / / x

Note: ‘X’ indicates off-state; /> indicates on-state

Table I presents the switching states of the five-
phase seven-level CHBMLI required to synthesize the
sinusoidal-like staircase output Vyn waveform. For
each switching state, six switches are turned ON,
while the remaining six switches are turned OFF. For
instance, to generate a voltage level of +1Vqc, the
following switches are turned ON: HB1-SW;, HB1-
SW,, HB2-SWs5, HB2-SW4, HB3-SW3, and HB3-SWj.
Correspondingly, the switches HB1-SW,, HB1-SWs3,
HB2-SW,, HB2-SW,, HB3-SW,, and HB3-SW, are
turned OFF. It is important to note that, within each
HB module, switches SW; and SW3 or switches SW,

28



Vol 1 No 2(2019)

and SW4 must never be turned ON simultaneously, as
this could cause a shoot-through fault.

III. SELECTIVE HARMONIC ELIMINATION
PWM TECHNIQUE

As mentioned earlier, determining the switching
angles using SHEPWM technique requires solving a
set of multiple harmonic equations. Conventionally,
these equations are mathematically derived from the
output Vpn waveform shown in Fig. 2. Since the
waveform is an odd quarter-wave symmetrical
waveform, the Fourier series of the Vi, is represented
as:

cos(nay )
= 4V 4. .
Von (a’t):Z? +cos(nay ) [sin(nat) (1)
=l +cos(nay)

, where n denotes the n-th harmonic, which is always
odd, while w is the angular frequency. The a1, a», and
o3 must fulfill the conditions as follows:

From Eq. (1), the n-th harmonic of the output phase
voltage is presented as:

Vo=

n

Wi{cos(nal)Jrcos(naz )} 3

nz | +cos(naz)

When applying the SHEPWM technique to a five-
phase MLI, the fundamental harmonic (Vi) is
maintained at a desired value, while the non-quintuple
odd harmonics such as V3, V7, Vo, V1;... are selected to
be eliminated. Note that the quintuple odd harmonics,
such as Vs, Vs, and so on, do not need to be selected
for elimination, as they naturally eliminated in the
five-phase line-to-line voltage. In a five-phase system,
non-quintuple lower order harmonics, e.g., V3 and V7,
are usually dominant and significantly affect the
quality of the inverter output voltage waveform. If
these harmonics are not selected to be eliminated, the
quality of the output voltage waveform can be poor.
Applying such distorted voltage waveform to a motor
can cause increased power losses, and in turn reduce
the efficiency of five-phase induction machines.
Hence, eliminating these harmonics in the five-phase
MLI before providing the output voltage for the load
is highly desirable. In this case, Vi, V3, and V7 are
utilized in the SHEPWM technique for the five-phase
seven-level CHBMLI. From Eq. (3), the multiple
harmonic equations can be presented as below:
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- 4V, [Cos(a1)+cos(a2)+ cos(a3 )]

Vs
v, = 4V [cos(3ay) +cos(3ay ) +cos(3a3)]  (4)
T
v - e [Cos(7al)+cos(7a2)+cos(7a3 )]
1

For a wide range of V; control, the Vi can be
modified as:

Vl:M[quCj )
T
, where M denotes modulation index ranged from 0 to
1. The main challenge of the SHEPWM technique is
solving Eq. (4) to determine the switching angles for
the five-phase seven-level CHBMLI. As mentioned
earlier, these harmonic equations can be converted
into an objective function (OF) and is then solved
using SC methods. The OF is presented as follows:

3M —cos (o) - J *
cos(ary )—cos(a3)
M

1(50xV3 T 1(50><V7 jz
+— +=
30 h A

Note that the first term of Eq. (6) is used to
maintain the ¥y while the second and the third terms
are utilized to minimize V3 and V7. By minimizing the
OF through the SC method, the non-linear
transcendental equation derived from Eq. (4) are
indirectly solved, and the switching angles for the five-
phase seven-level CHBMLI are determined. In this

work, the MSA is proposed to solve the SHEPWM
problem through minimizing the OF.

OF = 1()0><£

(6)

IV. MANTIS SEARCH ALGORITHM

The MSA is a nature-inspired swarm-based
optimization algorithm that mimics the natural
behaviour of praying mantises. This behaviour is
modelled in three stages: prey searching, prey
attacking, and sexual cannibalism.

A. Prey Searching

In the prey searching stage, mantises aim to
explore and perform a global search for the optimal
position in the search space. They are divided into two
groups: pursuers and spearers. The movement of the
pursuer mantises is modelled as follows:
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P+ e (v =) I
iter iter 1= 2
-’—V'z"l/Vo(y:t — Vb ) (7
J - yz/ter oW

4 (y:lm- +rv o (y;'ter _ yiter )) o (1 _ W)

iter+1 __

else

9

, where “o” represents the element-wise product
operator and ifer represents the iteration number.
yj**! and y/*" are the positions of the j-th mantis at
(iter+1)-th and iter-th iterations, respectively. In other
words, the j-th mantis updates its position from y;*" to
yiertl. Ay is a vector involving numerical values
computed using the Levy flight algorithm, while |1;]
represents a random numerical value generated from a
normal distribution, with the mean = 0 and o = 1.
Three mantises are randomly chosen from the mantis
swarm and their positions represent y,*, y;*" and y."
respectively at current iter. rn and rn, are the random
numerical values ranging from 0 to 1, while »v
represents a vector involving random numerical values
ranging from O to 1. /¥ is a binary vector, as shown
below:

W:{O v, <rv, ®)
1 else

, where v, and rv; are vectors involving random
numerical values. Note that the random numerical
values in rni, rna, rvi, v, and rv3 are uniformly
distributed. The movement of the spearer mantises is
modelled as follows:

iter
! ) rn, <rn,
e+t _ +¥ (Cos(;zrn3 ))(ym_ _y;m-) s 6 (9)
J
yllV

+Wo(rn, 02—1)o(lb+rv, o(ub—Ib))

else

, where y,- is a mantis chosen randomly from an
archive involving the personal best position of each
mantis. When the size of the archive reaches its limit,
a mantis is randomly selected and replaced with a
mantis which has better OF. ¥ represents (1 — (iter /
maxiter)) where maxiter is the maximum iteration
number involved in the MSA, and /b and ub are the
lower and upper boundaries of the search space,
respectively. rn3, rny, rns, and rns are random
numerical values, while rv4 represents a vector
involving random numerical values. Note that these
values are uniformly distributed values ranging from 0
to 1. A recycling factor is utilized to categorize the
behaviour of mantises into pursuer and spearer types.
This factor, denoted as RF, is defined as follows:

RF = 1—(rmd(iter,(maxiter/Q))/(maxiter/Q)) (10)
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, where rmd is a remainder operator, and Q is a
constant value used in the initialization of MSA for the
trade-off between pursuers and spearers mantises.

B. Prey Attacking

During the prey-attacking stage, mantises focus on
exploitation by implementing a local search to refine
the solution. The mantises exhibit three types of
movement, which are modelled as follows:

iter+1 iter iter iter
y/.k :yi,/\' +rn7.(ya,k _yb,k) (11)

a 1+e”

iter best
iter+1 __ (y/'Jf +y )+ 1
J:k 2

Yoot

iter

Yik = Vark

iter+1 iter

Vi =i +e* -cos(2em)-

+(rny-2-1)-(ub—1b)

(13)

, where ;! and y; /" represent the position of j-th

mantis in the k-th dimension at (iter+1)-th and iter-th
iterations, respectively. In (11), two mantises are
randomly chosen from the mantis swarm and their
positions denote y, ™" and y,*". In Eq. (12), ¢ is a
numerical value generated randomly within —1 and —
2, while y is the gravitational acceleration rate of the
mantis’s strike used in the initialization of MSA. y*e
represents the mantis with the best position (which has
the lowest value of OF) in the j-th dimension. In Eq.
(13), a mantis is chosen randomly from the archive and
its position denotes y..x. In these equations, note that
rn; and rng are uniformly-distributed random
numerical values ranging from 0 to 1. During prey-
attacking stage, Eq. (13) is utilized with a failure
probability (FP), where FP = f - ¥. Note that §
represents a constant value ranging from 0 to 1, which
is the striking failure probability. This value is
declared in the initialization of MSA.

C. Sexual Cannibalism

Sexual cannibalism is the last stage where the
mantises aim to enhance both their exploration and
exploitation stage. Three mathematical models are
used to represent this stage, as presented below:

yi/terﬂ — y;l@l‘ oW (14)
(i s o (< ¥ ) e (1)
iter+1 — iter iter __ _ iter 15
Y =y g e (Y =y (15)
iter+1 __ _ iter
Vi =y -cos(27e)- W (16)

, where y; /" denotes the position of the 1-st mantis in
the 1-st dimension at iter-th iteration. rvs and rve are
vectors with uniformly-distributed random numerical
values ranging from O to 1. During the sexual
cannibalism stage, mate attraction probability (MAP)
is utilized with Eq. (15) and Eq. (16), where MAP =
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rng - \P. Note that rng is a uniformly-distributed random
numerical value ranging from 0 to 1. The overall
process of finding the best position using MSA is
presented as pseudo code in Fig. 3. Firstly, the
parameters such as population size (PS), maxiter,
maximum number of dimensions (mnd), length of
archive (LA), p, exchange probability between
mantises in the prey searching and attacking stages
(EP), v, O, and the sexual cannibalism percentage
(SCP). When applying the MSA to the SHEPWM
technique, all the mantises aim to find the position
(switching angles) with the minimum OF in a search
space. In the searching process, the mantises update
their positions iteratively using Egs. (7), (9), (11) to
Eq. (13) and Eq. (14) to Eq. (16). The best position of
mantis at the last iteration is considered as the
switching angles that solve the equations involved in
the SHEPWM technique.

Algorithm Pseudo code of MSA

Inputs PS, maxiter, mnd, LA, 5, EP, y, O and SCP

1 Initialize the positions of mantises.

2 Evaluate their OF and select the mantis with the min. OF.
3 while (iter < maxiter)

4. Choose a random value (7) between 0 and 1

5. forj=1: PS

6 if ry <EP

7 Choose a random value (r2) between 0 and 1
8 Update RF using (10)

9. ifr, <RF

10. Update y/*! using (7)

11. else

12. Update y/*! using (9)

13. end if

14. Calculate OF of mantis with position y, """/,
15. Replace y;" with y;/**!if y/**! has better OF
16. else

17. Choose a random value (r3) between 0 and 1
18. for k= 1: mnd

19. Choose a random value (r4) between 0 and 1
20. ifra<rs

21. Update y;«™ using (11)

22. else

23. Update ;" using (12)

24. if 3 <FP

25. Update y; s using (13)

26. end if

27. end if

28. end for

29. Calculate OF of mantis with position y;*/
30. Replace y/* with y/**!if y/*"*! has better OF
31. Update FP

32. end if

33. end for

34. if ry <EP

35. forj=1: PS

36. Choose a random value (rs) between 0 and 1
37. Choose a random value (r6) between 0 and 1
38. ifrs<rs

39. Update y;/"" using (14)

40. else

41. if re < MAP

42. Update y;/"" using (15)

43. else

44. Update y;/* using (16)

45. end if

46. end if

47. Calculate OF of mantis with position y;**/
48. Replace y;/* with y;""*!if /! has better OF
49. Updating MAP

50. end for

51. end if

52. update y** if there is a better solution

53. iter = iter + 1

54. end while

Outputs " is selected as the final solution

Fig. 3. Pseudo code of MSA.

V. RESULTS AND DISCUSSION

In this work, MATLAB analysis is used to evaluate
the performance of MSA in solving SHEPWM
problem for five-phase seven-level CHBMLI. The
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performance of MSA is validated by comparing it with
popular SC methods: GA and PSO. For a fair
comparison, all SC methods are initialized with the
same parameters: a PS of 100 and a maxiter of 500.
Each SC method is executed 20 times to increase the
probability of obtaining better switching angles. These
SC methods aim to minimize the OF defined in Eq.
(6), over a wide M range, where M = 0.01:0.01:1.00.
Figure 4 presents a comparison of the resulting OF
values. As shown in the figure, at M = 0.46, M = 0.57
to M =10.66, and M = 0.76 to M = 0.85, the OF values
provided by MSA are between 10-2° and 103, which
are significantly lower than those obtained by GA and
PSO. According to Eq. (6), minimizing the OF reduces
its first term—the difference between V) and the
desired fundamental harmonic, which indicating
improved accuracy in achieving the desired
fundamental harmonic. At the same time, the second
and third terms, which represent undesired low order
harmonics (73 and V7), are also minimized. Therefore,
if an SC method achieves a lower OF, it implies that
the SC method has found better switching angles. As
shown in Fig. 4, the OF values of the MSA are lower
than those of the GA and PSO, indicating the
switching angles of the MSA are better than both
methods. Figure 5 presents the cumulative distribution
function (CDF) of the OF results obtained by GA,
PSO, and MSA. The CDF is expressed as follows:

CDF = Percent(OF < OFy) (17)

210710

ive Function

—_

(=]
%
>

10-24

Object

<
[
2

F | MSA—

(=)
&
0
T

0 01 02 03 04 05 06 07 08 09 1
Modulation Index

Fig. 4. OFs achieved by MSA, GA and PSO.
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Fig. 5. CDF's achieved by MSA, GA and PSO.

The CDF represents the probability or the
percentage (Percent) of an OF value equal to or lower
than a defined OF (OFy) value. As shown in Fig. 5, at
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OF value of 1072, the CDF of MSA is 21 %, while the
CDFs of GA and PSO remain at 0 %. This result
indicates that the proposed MSA has a higher
probability of achieving lower OF values compared to
GA and PSO. MSA employs several alternative search
strategies, such as prey searching, prey attacking and
sexual cannibalism, for finding better solution, which
offer better exploration and exploitation compared to
GA and PSO. As a result, these strategies enable MSA
to achieve a higher chance of finding better solutions,
thereby achieving lower OF values. Figure 6 shows the
switching angles provided by MSA for solving
SHEPWM problem of five-phase seven-level
CHBMLI. The figure shows that the MSA-SHEPWM
technique is capable of generating switching angles
over a wide M range while satisfying the condition
given in Eq. (2).

90 R

[V = NN e el
S O o O
T T T T T

[SS IO
(=R
T T

Switching Angles ( Deg. )
S
(=]

(=]
T

0

0 01 02 03 04 05 06 07 08 09 1
Modulation Index

Fig. 6. Switching angles provided by MSA for solving SHEPWM
problem of five-phase seven-level CHBMLI.

The effectiveness of the switching angles provided
by MSA is validated through harmonic response
analysis (harmonic calculation using Eq. (4)), as
illustrated in Fig. 7. The figure shows that MSA is
capable of maintaining the desired fundamental
harmonic (V1) at nearly 100 % over a wide M range, at
the same time minimizing undesired low order
harmonics (V3 and V7). As can be seen in the figure, at
M=0.46, M =0.57 to M =0.66, and M = 0.76 to M
=0.85, the values of V3 and V7 are very close to zero,
indicating successful harmonic minimization. This
outcome is mainly contributed by the successful OF
minimization achieved by MSA shown in Fig. 4.
Therefore, the results from Figs. 6 and 7 validate that
the switching angles obtained using MSA enable the
five-phase seven-level CHBMLI to produce an output
voltage in which ¥ is maintained close to the desired
value, and at the same time the undesired harmonics
are minimized.

For further validation, a set of switching angles is
selected from Fig. 6 and applied to a PSIM simulation
model of a five-phase seven-level CHBMLI to
generate Vp, and line-to-line voltage (Viinc) waveforms.
The following simulation results are generated using
the switching-angle set at M = 0.85, where a; = 11.96°,
o2 = 34.89°, and a3 = 41.28°. The switching angles
applied to phases B, C, D and E of the CHBMLI are
phase-shifted by 72°, 144°, 216° and 288°,
respectively, from phase A due to the five-phase
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configuration of the CHBMLI. In the CHBMLI, the
magnitude of each DC voltage source is set to 10 V,
and the load is 30 Q. Note that each switch in the
CHBMLI is operated at fundamental frequency of 50
Hz. In the PSIM simulation, the magnitude of the first
ten odd harmonics in the ¥y, and Vine waveforms are
given using the Fast Fourier Transform (FFT).

o —

100
290
vgo,
[}
270
260
850_
~
040
530
gzo—
T 10 f
0

V| — [
V;— 1
V7— 1

S A

0 01 02 03 04 05 06 07 08 09 1
Modulation Index

Fig. 7. Harmonic response achieved by the switching angles
provided by MSA for five-phase seven-level CHBMLI.
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Fig. 8. V, generated by the five-phase seven-level CHBMLI at M =
0.85 using MSA switching angles. (a) Waveform (b) FFT plot.

Figures 8(a) and 8(b) present the output Vpn
waveform and its corresponding FFT analysis,
respectively, for the five-phase seven-level CHBMLI
operating at M = 0.85, using the switching angles
given by MSA. As can be seen in Fig. 8(a), the voltage
waveform is likely sinusoidal, with a THD of 16.29 %.
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As shown in Fig. 8(b), the magnitude of the V' is 32.47
V, which matches the desired value calculated using
Eq. (5). In addition, the magnitude of V3 and V7 are
zero. Hence, these results further confirm that the
switching angles obtained using the MSA can
maintain the desired V; while minimizing undesired
low order harmonics. Figures 9(a) and 9(b) present the
output Viine waveform and its FFT analysis for the five-
phase seven-level CHBMLI using the same switching
angles given by MSA. As shown in Fig. 9(a), the Viine
waveform has a higher number of voltage levels
compared to the Vpn waveform shown in Fig. 8(a).
Since a staircase voltage waveform with higher
number of voltage levels has higher chance to achieve
lower THD, the Vi THD shown in Fig. 9(a) is lower
than Vyn THD shown in Fig. 8(a). As shown in Fig.
9(b), the V3 and V7 in line-to-line voltage are zero. In
addition, the quintuple odd harmonics such as Vs and
Vis are also zero. As mentioned earlier, the quintuple
odd harmonics are eliminated due to the five-phase
configuration of the MLI. As a result, the Vi, THD
will be lower than V,, THD since more harmonics are
eliminated in Vi compared to Vpn. Hence, the results
from Figs. 8 and 9 validate that MSA switching angles
enable the MLI to produce an AC output voltage with
reduced THD.
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Fig. 9. Vine generated by the five-phase seven-level CHBMLI at M
= 0.85 using MSA switching angles. (a) Waveform (b) FFT plot.
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VI. CONCLUSION

This paper presents the performance of the MSA
in solving the SHEPWM problem for determining
switching angles of a five-phase MLI. MATLAB
analysis results demonstrate that MSA achieves better
OF minimization compared to GA and PSO. By
minimizing the OF, MSA can generate switching
angles over a wide M range. The switching angles can
minimize selected undesired low-order harmonics (V3
and V7) while maintaining the desired fundamental
harmonic (V7). PSIM simulation results further
validate that, when the switching angles obtained by
MSA are applied to a five-phase seven-level
CHBMLI, the inverter produces staircase output
voltage waveforms with reduced THD. In these
waveforms, the desired fundamental voltage is
satisfied, and the selected low-order harmonics are
minimized. These findings align with the MATLAB-
based analysis, confirming that MSA can be applied in
the SHEPWM technique to produce low-distorted AC
output voltage waveforms for five-phase MLIs.
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