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Wild horse optimization algorithm implementation in 7-level packed U-cell multilevel inverter
to mitigate total harmonic distortion

Introduction. Multilevel inverters (MLIs) are a popular industrial and, more especially, renewable energy application solution. This is
because of its appetite for filters, low distortion class, and capacity to provide a multilayer output voltage that resembles a pure sine
waveform. The novelty is in applying the wild horse optimization algorithm (WHOA) to adjust the sinusoidal pulse width modulation
(SPWM) technique by producing the optimal reference signal parameters in a new multilevel inverter architecture known as the packed
U-cell multilevel inverter (PUC-MLI). Purpose. This study helps with the idea of new inverter architecture and a modified pulse width
modulation (MPWM) method to make the multilevel inverter smaller, cheaper, and with less total harmonic distortion (THD). Methods.
We use the proposed approach to control a 7-level, single-phase PUC-MLI. The WHOA is used to discover the optimal parameters of
the additional reference sine signal after being compared with SPWM to evaluate its performance in harmonic reduction. The
simulation’s outcome was validated by building a PUC-MLI prototype. Results. Experimental results and simulations validate the
effectiveness of the suggested approach. The WHOA-improved MPWM approach achieves a significant reduction in THD on the PUC-
MLI output voltage, as indicated by the results. Practical value. THD in MLI output voltage will be reduced without spending any cost.
The suggested solution works with many MLI topologies with varying output voltage levels. References 20, tables 6, figures 12.

Key words: packed U-cell multilevel inverter, total harmonic distortion, modified pulse width modulation, wild horse
optimization algorithm.

Bcemyn. bazamopisnesi insepmopu (MLIs) € nonyasaprum piwiennam Os 3acmocy8ants y nNpoMUcIo80Cmi ma, 0coonueo, y GiOHOGI08AHUX
Odxcepenax emepeii. Lle nog’asamno 3 iloco nompeboio y @inempax, HU3LKUM KIACOM CHOMBOPEHb ma 30amuicmio 3abesnevysamu
bazamowiaposy 6uxiony Hanpyzy, wo nazadye uucmui curycoioansnuti cuenan. Hosusna nonseace y 3acmocysanui aneopummy onmumizayii
«oukoeo xonay (WHOA) ona nanawimyeanus memooy cumycoioansHoi wupomuo-imnynschoi mooyuayii (SPWM) wsixom cmeopenms
ONMUMATILHUX NAPAMEMPI6 ONOPHO2O CUSHATY 8 HOBILL apXimeKmypi, 6i00Moi K ynaxkosanul 6acamopienesuli ineegpmop U-nodionozo muny
(PUC-MLI). Mema. [Je oocnioxcenns donomacac peanizysamu Ioeio HOG0I apXimeKkmypu iHeepmopa ma MOOUpIKo8anozo Memooy
wiupomuo-imnynschoi mooyayii (MPWM), wo 0oseonse 3pobumu bazamopisresuti iH6epmop MeHWUM, Oeute8uiuM i 3 MEHUUM 3A2aTbHUM
eapmoniunum cnomeopennsm (THD). Memoou. Mu suxopucmogyemo 3anpononosanuti nioxio Osi Kepyeamis 7-pieHegum 0OHOGa3HUM
PUC-MLI. WHOA suxopucmogyemvcs 0151 BUSHAYEHHS ONMUMATbHUX Napamempie 000amKo6020 emaioHHO20 CUHYCOIOATbHO2O CUSHATY
nicia nopieuannsa 3i SPWM ona oyinku 1ioco egekmueHocmi 3HudiCeHHA 2apmoHix. Pesynemamu modentosanus Oynu niomeepoxtceHi
cmeopennsam npomomuny PUC-MLI. Pesynomamu. Excnepumenmanvhi pe3ynismamu ma MoOemo8anHs NiOmMeepodicyiontb ephexmueHicms
3anpononosarnoco nioxooy. Yoockonanenuii WHOA nioxio MPWM oOo3sonsie docsemu 3naunozo 3uudicenns THD euxionoi nanpyeu PUC-
MLI, npo wo ceiouame pesymomamu. Ilpaxkmuuna winnicme. THD euxionoi nanpyeu MLI 6yoe sHuoiceno 6e3 6yOb-sikux eumpamn.
Ipononosane piwenns npayioe 3 bazamoma mononoeismu MLI 3 pisnumu piensimu suxionoi nanpyeu. bion. 20, Tadm. 6, puc. 12.

Kniouosi cnosa: ynaxkopanuii 0araropisHeBmii inBeptTop U-cell, moBHe rapmMoHiuHe cnioTBOpeHHs, MOAN(iIKOBAHA IMPOTHO-
iMIyJbCcHA MoayJIsilisl, AITOPUTM ONTUMI3aLil «IMKOr0 KOHSD».

Abbreviations

CHB Cascaded H-bridge PUC Packed U-cell
FFT Fast Fourier Transform PUC-MLI |Packed U-cell Multilevel Inverter
FLC Flying Capacitor PWM Pulse Width Modulation
MPWM Modified Pulse Width Modulation SPWM Sinusoidal Pulse Width Modulation
MLI Multilevel Inverter THD Total Harmonic Distortion
NPC Neutral Point Clamped WHOA Wild Horse Optimization Algorithm

Introduction. Afghanistan, one of the least systems can maximize their energy conversion capacities

developed nations, has serious economic problems.
Industry is essential to its growth, but the lack of power
impedes development because of an imbalance between
supply and demand. Afghanistan has a lot of solar
potential, so the government is pursuing a 2000 MW
renewable energy initiative as a solution to this. By
allowing the establishment of factories in isolated
locations without long transmission lines, solar energy
may stimulate the local economy. The factory needs
electricity in the AC range. Inverters are devices that
change DC voltage into AC voltage. The application of
inverters is wide; however, it can be used where DC
power is a supplier and AC power is the consumer; for
instance, it can be used for renewable energy applications.
Grid-connected or standalone systems widely use MLIs as
voltage converters to provide AC loads with power from
renewable energy sources such as wind turbines and solar
panels [1]. High-efficiency power conversion systems
achieve exceptional performance by minimizing THD and
reducing conduction losses during switching; these

and achieve improved overall efficiency and performance
by regulating these elements properly [2].

Because the MLI can generate output waveforms
with lower THD and higher quality, they are becoming
more and more popular. Electrical loads in the AC output
voltage require a sinusoidal waveform. All the same, MLI
may provide an output voltage that looks like a staircase
and is almost exactly like a sine wave. The generation of
switching patterns results in an output voltage from the
staircase that is not a perfect sine wave. The staircase sine
wave contains harmonics. Researchers have developed
other MLI variants, including PUC-MLI, FLC MLI and
CHB MLI to address this problem [3]. The complex
structure of MLI circuits has led some academics to
recommend reducing the number of components in them
[4]. Even still, the PUC-MLI architecture necessitates a
low quantity of devices in order to provide a high output
voltage among MLIs [5] that will address the size and
cost of construction of MLI issues.

© F. Ebrahimi, N.A. Windarko, A.I. Gunawan

34

Electrical Engineering & Electromechanics, 2024, no. 5



The efficient control of switching patterns to reduce the
THD of the output voltage is a major area of active study in
MLISs, in addition to the exploration of topological solutions
[6]. Space vector modulation [7], selective harmonic
elimination, PWM [8] are some of the methods that have
been suggested to reduce THD in MLI. Lower-order
harmonic suppression in the straight-line output voltage of
MLIs has been the explicit focus of several reported
modulation techniques [9]. It is also standard practice to use
injection techniques that include the modulated signal’s
integration of several reference signals [10].

In order to reduce THD in MLI, several studies have
suggested novel injection techniques. The third harmonic
injection space vector PWM [11], the third harmonic
injection PWM [12], and the generalized discontinuous
PWM [13] are a few instances of distinct PWM
approaches. Each strategy significantly impacts the THD
value of the output voltage.

Recently, researchers have optimized the THD of
the output voltage in MLI by applying meta-heuristic
methods in modulation approaches. Particle swarm
optimization was used in [14] to improve the design of
grid-connected  photovoltaic systems. The whale
optimization algorithm has been used in PUC-MLI to
reduce the THD of the output voltage of MLI; the result is
presented only in MATLAB simulation [15], and the
researcher modified the switching pattern of MLI in order
to reduce the THD in [16] focused on using evolutionary
algorithms to get rid of harmonics in PUC-MLI. The
result was presented through the simulation only as well;
in another study, the researcher analyzed the THD of
CHB MLI [17], and in another study, the grey wolf
optimizer was used to improve the switching sequence of
the NPC MLI in order to reduce the THD. They
succeeded in reducing THD from 31.42 % to 26.44 %
[18]. However, they used a grey wolf optimizer to
optimize only 2 parameters of the injected signal, which
are amplitude and phase shafted angle. Unfortunately, no
studies have been done on the use of WHOA in PUC-MLI
injection technique optimization, where the simulation
result is confirmed by building a prototype PUC-MLI.

The goal of the paper. Utilizing the WHOA to
optimize injection procedures in PUC-MLI has yet to be
the subject of any study. This research aims to improve all
parameters of the injected sine signal and lower THD in
PUC-MLI by presenting a novel method that uses the
WHOA. We will build and test a prototype PUC-MLI to
verify the efficacy of the suggested approach. This will
validate the simulation results and show how the WHOA
will be used in practice to optimise switching patterns in
PUC-MLTI’s switches.

Subject of investigations. The application of WHOA
to optimize the injected signal parameters (amplitude,
frequency and phase shifted angle) for a 7-level PUC-MLI is
the focus of the study. Building a prototype, PUC-MLI will
be used to validate the modelling outcome.

Methodology. Packed U-cell multilevel inverter.
An electronic device or circuit that changes DC voltage
into AC voltage is known as an inverter. Conventional
inverters often offer 3 output voltage levels: zero, negative
and positive states of output voltages (—V,. and +V,.). An
MLI is a type of special inverter that can simultaneously

produce different voltage and current levels. Table 1
shows the number of devices required by different types
of inverters (NPC, FLC, CHB) and PUC-MLI to achieve
7 output voltage levels.

Table 1
The number of devices corresponding to various categories of MLIs
Components FLC | NPC | CHB PUC
IGBTs 24 24 12 6
Capacitors 30 6 3 2
Clamping diodes 0 20 0 0
Total component 54 50 15 8

The PUC-MLI architecture requires only 8 devices to
generate 7 output levels. By comparison, the NPC needs 50
devices, the FLC needs 54 and the CHB needs 15. Because
of the U-shaped architecture of each unit, the inverter is
called a «packed U-cell». Depending on the number of
voltage sources (capacitors) and switches utilized, the
voltage levels in the packed U-cell design may change.
First presented the recommended inverter in 2010, which
was then improved upon in 2022 [19]. The PUC-MLI
design, which produces 7 output voltage levels by using 2
DC voltage sources and 6 switches, is shown in Fig. 1.
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E

AC Load

Fig. 1. PUC-MLI design

Table 2 states that this study suggests building a
single-phase PUC-MLI structure with 8 output voltage
states, which is constructed based on a sequence of
connections between cells. As a precaution against DC
bus short circuits, switches S4, S5 and S6 in Table 2
function in reverse relative to S1, S2 and S3. Even though
the PUC may produce different voltage levels from
different DC sources, in order to achieve maximum
output voltage (V,;), the second DC bus amplitude must
be one-third of the first (V; = 3V,). V,;, has 7 voltage
levels as a result of this configuration: 0, £V, £2V,, £3V.
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Table 2
PUC-MLI produces voltage levels
S1 S2 S3 S4 S5 S6 Vb
1 0 0 0 1 1 7
1 0 1 0 1 0 V="
1 1 0 0 0 1 |23
1 1 1 0 0 0 0
0 0 0 1 1 1 0
0 0 1 1 1 0 -V,
0 1 0 1 0 1 V="
0 1 1 1 0 0 -
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Modified PWM technique. The presence of
harmonic distortion in the output voltage of the PUC-MLI
is a direct consequence of the switching process. As such,
the use of a suitable modulation approach becomes
imperative in order to reduce the negative impacts of
harmonic distortion. A viable remedy is presented in this
research paper — the MPWM approach. While the standard
method of modulation is SPWM, it compares the triangle
carrier signal with the sine reference signal. In the case of
PUC-MLI only a few semiconductor components are
required, specifically one reference signal and 6 carrier
signals. Figure 2 demonstrates the MPWM techniques.

@ Modified Pulse yWidth Modulstor
:It +
+

. .
Uodified Reference

Aeabd A
Mmiéinm- U T -
ST o b

Fig. 2. The procedure for MPWM

The reference sine signal is altered when the injected
sine signal and the reference sine signal are added together.
The injected sine signal contains parameters for frequency,
phase shift and amplitude, whereas the reference signal is a
sinusoidal waveform with a fundamental frequency. The
injected signal might be either a singular signal or

numerous  signals. The mathematical expressions
representing these signals are as follows:
S,.(t)= 4y sin(27f;); )
o0
Sit)=>"4,sin27f,1 +6,), )
n=2

where S,(?) is the reference signal; S(f) is the injected signal.

Equation (1) represents a sinusoidal reference signal
with amplitude 4, of 3 and a fundamental frequency f; of
50 Hz. The signal in (2) represents the injected signal. The
objective of the injected signal is to alter the reference
waveform. The signal is characterized by its amplitude 4,
frequency f, and phase shift ,. These parameters will be
determined through the process of wild horse optimizer
tracking to find their optimal values. Two signals are
combined, yielding the mathematical expression in (3), as
exemplified in (4):

Sy (2)= 4y sin(27f;2)+ iAn sin27/,t+6,);  (3)
n=2

e8]
Sy (£)=3sin(2750¢)+ " 0.355in(27999.72¢ + 4.80) ; (4)
n=2
where Sy(¢) is the modified signal.
The process of generating MPWM is depicted in
Fig. 3. Figure 3,a depicts a sine wave that serves as a

reference as stated in (1). The wave has amplitude of 3,
a frequency of 50 Hz and a phase-shifted angle of 0. Figure
3,b shows a signal waveform that has been injected
according to (2). This waveform has amplitude of 0.35 V, a
frequency of 999.72 Hz and a phase shift of 271.37°
(equivalent to 4.80 rad). Both signals are shown in Fig. 3,c.
They are combined to make a new reference signal, which
is shown in (3). This signal will be compared to the
triangular carrier signal in the form of MPWM.
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Fig. 3. MPWM signal generation process demonstrates:
a — the reference sine signal; b — the injected signal;
¢ — the modified reference signal

Wild horse optimization algorithm. The WHOA is
a meta-heuristic optimization method that draws inspiration
from wild horse behaviour. A dominant stallion leads a
group of horses, and other horses (foals and mares) follow
him. This social hierarchy and herd behaviour of wild
horses are the basis for the algorithm [20]. A stallion is in
charge of the herd of wild horses, which also includes
mares and foals. The suggested method in this study is
implemented as a flowchart (Fig. 4). According to this
algorithm, like all meta-heuristic algorithms, starts with
population initialization. This creates the first group of
possible solutions, each represented by a set of values for
the injected signal’s amplitude, frequency and phase angle.
Then, the fitness of each candidate solution is evaluated by

36

Electrical Engineering & Electromechanics, 2024, no. 5



injecting its corresponding signal into the reference
sinusoidal signal and measuring the performance of the
modified switching pattern.

Initialize WHOA parameters: nPop = 200
= 1000, PC = 0.13, PS = 0.2,
Nstallion=round(nPop*PSs), Nfoal=round(nPop-Nstallion)

Creat horse groups

Evaluate fitness

I‘I

v
Calculte the TDR based on
equation 7

Calculte Z based on

equation 7

-
Update position of leader
based on equation 5

Update position of
followers based on
equation 6

yes
wvaluate fitness
of new o
candidates

Return best solution

4I*

Fig. 4. Flowchart of the WHOA

After that, update the position of the leader, select the
best candidate solution as the leader, and update its position
using (5). Evaluate the fitness of the new candidate solutions
generated using the following equations. Then repeat
searching for a set number of iterations, updating the
positions of the leader and followers using (6) at each
iteration. Finally, return the best of the found solutions. After
finding the modified value, evaluate the performance of the
optimized switching pattern, add the modified signal to the
reference sinusoidal signal, and measure the performance of
the modified switching pattern using the MATLAB
simulation FFT analyzer tool. The equations are:

Stallion ; =
27 cos(22RZ)-(WH — Stallion ;) + WH if R3>0.5; (5)
B {22 cos(22RZ)-(WH - Stallion; |- WH: if R3<035,
where the subsequent location of the i group’s leader,

indicated as Stalliong;, is established based on the

present coordinates of the leader Stalliong;, the location of
the water hole (WH), a dynamically computed adaptive
mechanism (Z) utilizing (7), a uniformly distributed
random number (R) ranging from -2 to 2.

Updating the positions of the followers can be done
by comparing the positions of the remaining candidates
based on their distance from the leader and a random
term. The position of a follower is updated using (6):

X[ =27 cos(27RZ)- (Stallion J-x{g )+ Stallion ; (6)
P=RI<TDR, IDX = P=0; Z = R20IDX + R30(~ IDX) (7)
where the variable X ij ¢ Signifies the current position of a

group member, whether it’s a foal or a mare. The notation

Stallior’ is employed to denote the location of the stallion,
who serves as the group’s leader. Z is a variable that
dynamically changes depending on the size of the
problem; it is not a continuous value. It is an essential
component of the wild horse optimizer’s scalability
because of its function as a mechanism, which allows the
algorithm to retain constant performance across various
issue dimensions. It can be define as adaptive mechanism
calculated through the use of (7). R is a randomly
generated number with a uniform distribution within the
range of [-2, 2], determining the angles at which horses
graze around the group leader in a 360° fashion. Lastly,

X IJ ¢ indicates the updated position of a group member

during grazing, as elaborated in reference [20].

Simulation results. MATLAB program is utilized
for simulating the improved MPWM approach using an
algorithm. The simulation utilizes the PUC-MLI with
settings specified in Table 3.

Table 3
Simulation parameters for PUC-MLI
Components Value

The initial DC supply values are 180 V for the first
supply and 60 V for the second supply. To streamline the
optimization process, the injected signal was treated as a
singular waveform. WHOA optimizes the injected signal’s
frequency, amplitude and phase shift. Figure 5 displays an
illustration of the outcomes of the tracking procedure for
the injected signal. Figure S5,a represents the WHOA
tracking process to find the best amplitude; Fig. 5,b
represents the tracking process for the frequency; Fig. 5,c
represents the tracking process for the phase shift of the
added signal; and Fig. 5,d illustrates the THD reduction
over iterations. All parameters, such as amplitude,
frequency and phase shift are searched starting from 0 and
then approached to their best value.

2.35 TAmplitude

Iteration
o 200 400 600 800 1000

100 {Frequency, Hz

]

200

lteration
[+] 200 400 600 800 1000
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Fig. 5. Simulation results of the optimized injected signal

WHOA'’s performance was assessed against SPWM,
resulting in a decrease in THD from 17.89 % to 12.25 %.
To prevent getting trapped in local optima, WHOA was
executed a hundred times, and the outcomes are presented
in Fig. 6, where THD exceeds SPWM are marked as
errors and highlighted with a chocolate colour bar chart.
Conversely, lower THD values than SPWM signify
success, but not the optimal solution, marked with a
yellow colour bar chart, and the best solutions (global
optima) are highlighted with a black colour bar chart.
WHOA successfully attained the global optimum by
reducing THD to 12.25 %. The values for amplitude,
frequency, and phase-shift angle derived from WHOA
were A = 0.35, f=999.72, 6 = 4.80, detailed in Fig. 5,a—c.

Evolution of finding global optima

21THD, %

24.95%

0 20 40 60 80 100
Running the wild horse optimization algorithm one hundred times

Fig. 6. The procedure for identifying global optima

The corresponding result is shown in Fig. 8b. A
comparison between the PUC-MLI output voltage waveform
using SPWM and MPWM was conducted in
MATLAB/Simulink. As both output voltages possess the
same amplitude modulation, distinctions in the effects of the
injected signal on MPWM can be identified by analyzing
different patterns. Figure 7 demonstrates the inverter’s output
voltage — Fig. 7,a represents the inverter output in SPWM,
while Fig. 7,b illustrates the output using MPWM.

Table 4 furnishes a comparison of THD levels in the
PUC-MLTI’s output voltage, showing SPWM at 17.89 %
and MPWM at 12.25 %.
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Table 4
Comparison of THD for the modulation technique

Modulation technique THD, %
SPWM 17.89
MPWM 12.25

Furthermore, Fig. 8,a illustrates the harmonic
spectrum of SPWM, while Fig. 8,b depicts the harmonic
spectrum of the MPWM.
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Fig. 8. Spectral analysis of harmonics

Experimental results. To confirm the WHOA’s
simulation findings and the recommended modulation
strategy, a single-phase, 7-level PUC-MLI prototype was
built. Software called AutoCAD Eagle was used to design
the inverter. Table 5 lists the components that went into
building PUC-MLI. Figure 9 shows the experimental
system configuration and a close-up of PUC-MLI, shown
in Fig. 10, respectively. For PUC-MLI switches, the
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STM32F407G microcontroller on the Discovery board
has generated switching pulses. This microcontroller is
programmed using the C programming language and
STM32CubelDE version 1.1 software. The waveform and
harmonic spectrum are measured and analyzed using a
Rigol DS 1052E oscilloscope; the data from the
oscilloscope is recorded, and then the amount of THD is
measured using MATLAB software. Two programmable
DC power sources that maintain a steady DC voltage
(TDK-Lambda and GW Instek PSS-3203) supply the
PUC-MLI. PUC MLI is tested with 2 DC input voltages,
20 V and 60 V, and a 500 W resistive load (see Fig. 9).

Table 5
Inventory of components utilized in the experiment
Components Specifications
IGBT Switches SGL160N60UFD (Faichild)
Microcontroller Discovery STM32F407G
Optocoupler FOD3182
DC 12V, HLK-PM12

Gate Drive Power Supply

Resistor Load

t' D r Pl
Scumd Voltage Snuru: - -n‘
o |
Source

Vollmulu /
Fig. 9. Arrangement and configuration of the experimental setup

‘ PLIC Multilevel Inverter

Fig. 10. PUC-MLI hardware

The prototype PUC-MLI is utilized to validate the
modulation of both SPWM and MPWM techniques using
the optimal parameters obtained from simulation results.
Both SPWM and MPWM are applied with an amplitude
modulation of 1. In addition, the MPWM incorporates a
999.72 Hz injected signal with amplitude of 0.35 V and a
phase shift of 271.37°. Figures 1l,a,b present the

experimental comparison between the output voltage of

SPWM and MPWM, which aligns with the simulation
results (see Fig. 7). The THD is determined by recording
the output voltage. Figure 12 illustrates the spectrum and
THD results, indicating that both modulation techniques
exhibit a low-level harmonic spectrum at high frequencies.
This high-frequency harmonic content offers an advantage
in distortion suppression by employing a compact LC filter.

Notably, the THD of the MPWM, as listed in Table 6,
measures 16.84 %, demonstrating that the optimized
WHOA-based switching of the MPWM achieves a lower
THD compared to SPWM, which has a THD of 18.44 %,
which is a great success.

RIGOL STOP @R - F 8 .08y
- (3638.034Hz
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Freall) =56 .88Hz SPWM

[EHIFES S5 .0V Time 18.08ms WH90 .60ms
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— — 3

. ANANANE
TRTRVATRTRTE

F repi2) =k Fres(l) =58 .08Hz MEWM

EEES S0.0U Time 10.88ms @0 .0000=

Fig. 11. The output voltage of PUC-MLI observed on the
oscilloscope: @ — SPWM; b — MPWM
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Freall) =;k****
Time 10.08ms ©>90.60ms
Fig. 12. Measurement of THD using the oscilloscope’s FFT
tools: a — THD of SPWM; b — THD of MPWM

Table 6
Experimental results for THD measurements
Method THD, %
SPWM 18.44
MPWM 16.84
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Conclusions.

1. Based on the findings of this research, the PUC
topology of MLI is the best topology against other
topologies of MLI, namely CHB, FLC and NPC, in order
to overcome the size and cost of construction issues.

2. The WHOA can effectively reduce the THD in a PUC-
MLI by improving the switching pattern of the inverter’s
switches. To validate this conclusion, a prototype PUC-MLI
was built, and the proposed method was implemented.

3. The performance of the WHOA algorithm was
compared with the SPWM in terms of THD reduction. The
results indicate that the WHOA algorithm outperformed
SPWM in terms of THD reduction performance. Therefore,
the WHOA algorithm is a promising approach for reducing
THD in PUC-MLIs.

4. Moreover, the reduced THD of PUC-MLI can
support the advancement of applications for electrical
vehicles in industry as well as renewable energy.
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