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A key challenge in designing 3-phase multilevel inverters (MLIs) is determining the switching angles that produce a low THD 

output voltage waveform. This work proposes an AGTO-SHMPWM technique for determining the switching angles, aiming 

to minimize low-order harmonics while achieving the desired fundamental harmonic. MATLAB analysis shows that the AGTO 

method achieves significantly lower objective function (OF) values, as low as 10–32, compared to the GA and GOA methods. 

Cumulative distribution function analysis reveals that the AGTO method has a 38% probability of achieving an OF ≤ 10–30, 

while the GA and GOA methods have a 0% probability. These results demonstrate that the AGTO method is more capable of 

thoroughly exploring the optimization solution space. PSIM simulation confirms that the switching angles computed using the 

AGTO method, when applied to a 3-phase 11-level switch-switch MLI (S2MLI), can produce sinusoidal-like staircase voltage 

waveforms with minimized V5, V7, V11 and V13 harmonics while achieving the desired fundamental voltage. The phase and line-

to-line voltage THDs, when the S2MLI is operated at Midx of 0.80, are 7.93% and 5.55%, respectively, which are consistent 

with those predicted by MATLAB analysis. 

Keywords: multilevel inverter, switching-angle computation, selective harmonic minimization, pulse-width modulation, 

artificial gorilla troops optimization, grasshopper optimization algorithm and genetic algorithm 

 

1 Introduction 

Multilevel inverter (MLI) is a DC/AC converter 

capable of producing a low total harmonic distortion 

(THD) output voltage waveform [1]. Three-phase (3-ph) 

MLIs have been employed in medium-to-high power 

applications owing to their advantageous characteristics, 

such as the feasibility of being constructed using power 

switches with lower voltage rating, lower dv/dt and 

lower electromagnetic interference [2-4]. Numerous 

topologies of MLI have been introduced in the literature, 

including switch-switch MLIs (S2MLI), cascaded H-

bridge MLIs (CHBMLI), flying capacitor MLIs and 

diode-clamped MLIs [5-8]. Among these MLI 

topologies, the S2MLI stands out for requiring the 

fewest power switches, making it a more favorable 

choice for 3-ph systems. 

Pulse-width modulation (PWM) techniques are 

common techniques employed for controlling the MLI 

[9]. Various PWM techniques have been developed and 

introduced, such as space vector PWM (SVPWM) 

techniques and sinusoidal PWM (SPWM) [10-11]. 

However, both SPWM and SVPWM techniques operate 

the power switches at high frequencies, resulting in 

significant switching losses. The switching losses can be 

reduced by utilizing a low switching frequency PWM 

 

technique known as selective harmonic minimization 

pulse-width modulation (SHMPWM) technique [12-13]. 

This technique aims to minimize the selected low-order 

harmonics, while controlling the fundamental harmonic 

at a desired value. To achieve this, solving a set of 

harmonic equations is required to obtain the switching 

angles for the MLI. In the literature, these equations have 

been solved using Newton-Raphson (NR) method  

[14-15]. However, this method heavily relies on a good 

initial guess of the switching angles [16]. Guessing the 

switching angles can be time-consuming, as it involves 

extensive trial and error and requires significant 

guessing experience. 

Alternatively, these harmonic equations can be 

solved by converting them into an objective function 

(OF), which is subsequently minimized using the soft-

computing (SC) method [17-18]. Examples of SC 

methods include the grasshopper optimization algorithm 

(GOA) and genetic algorithm (GA) [19-20]. These 

methods can solve the equations without heavily 

depending on the good initial guesses of the switching 

angles. However, they do not always guarantee effective 

minimization of the OF. Recently, a nature-inspired SC 

method called Artificial Gorilla Troops Optimization 

(AGTO) was introduced [21]. The AGTO has been 
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successfully utilized in various engineering problems, 

such as optimizing power system stabilizers parameters, 

maximum power harvesting for thermoelectric 

generation system and reducing energy usage in wireless 

sensor networks [22-24]. 

To the best of the authors’ knowledge, the feasibility 

of the AGTO method in solving the SHMPWM problem 

for a 3-ph MLI has not been previously reported. To 

bridge this gap, this work proposes an AGTO-

SHMPWM technique for a 3-ph 11-level (11L) S2MLI. 

The contributions of this work are as follows: 

(a) Proposing the AGTO-SHMPWM technique for  

a 3-ph 11L S2MLI. 

(b) Comparison of the performance of the AGTO-

SHMPWM technique to that of GA- and GOA-

SHMPWM techniques. 

(c) Evaluation of the proposed technique performance 

under resistive and inductive load conditions. 

(d) Evaluation of the proposed technique performance 

under changing frequency conditions.  

 

2 Three-phase eleven-level switch-switch MLI 

Figure 1 illustrates the schematic diagram of a 3-ph 

11L S2MLI. Each phase of the S2MLI comprises five 

DC voltage sources, labelled as VS1 to VS5, along with 14 

power switches, labelled as Qa01 to Qa14. It is worth to 

highlight that the 3-ph 11L S2MLI requires less power 

switches than the CHBMLI. By way of example, the 

S2MLI requires only 42 power switches to construct the 

3-ph 11L configuration, while the CHBMLI requires 60 

power switches for the same configuration. Note that in 

this work, all five DC voltage sources are assumed to be 

equal in magnitude (VS1 = VS2 = VS3 = VS4 = VS5 = VS). 

Figure 2 shows a typical output phase voltage waveform 

of the 3-ph 11L S2MLI and the five switching angles 

denoted as α1, α2, α3, α4 and α5. These switching angles 

must be computed properly in order to produce a low 

THD output voltage waveform. Table 1 presents the 

derivation of the output phase voltage levels for phase A 

of 3-ph 11L S2MLI. Note that the OFF state of the power 

switches is represented by “0”, while the ON state is 

represented by “1”. The resultant waveform consists of 

eleven distinct voltage levels. Among them, one is zero 

voltage level, five are positive voltage levels (+VS, +2VS, 

+3VS, +4VS and +5VS) and five are negative voltage 

levels (–VS, –2VS, –3VS, –4VS and –5VS). 

 

Fig. 1. Schematic diagram of 3-ph 11L S2MLI 

 
 

 

Fig. 2. VPh waveform of phase A 11L S2MLI 
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Table 1. Derivation of output phase voltage levels  

for phase A of 3-ph 11L S2MLI 

Power 

switches 

Output Phase Voltage Levels 

0 +VS +2VS +3VS +4VS +5VS –VS –2VS –3VS –4VS –5VS 

Qa01 0 1 1 1 1 1 1 1 1 1 1 

Qa02 1 0 0 0 0 0 0 0 0 0 0 

Qa03 0 0 1 1 1 1 0 1 1 1 1 

Qa04 1 1 0 0 0 0 1 0 0 0 0 

Qa05 0 0 0 1 1 1 0 0 1 1 1 

Qa06 1 1 1 0 0 0 1 1 0 0 0 

Qa07 0 0 0 0 1 1 0 0 0 1 1 

Qa08 1 1 1 1 0 0 1 1 1 0 0 

Qa09 0 0 0 0 0 1 0 0 0 0 1 

Qa10 1 1 1 1 1 0 1 1 1 1 0 

Qa11 1 1 1 1 1 1 0 0 0 0 0 

Qa12 1 0 0 0 0 0 1 1 1 1 1 

Qa13 0 0 0 0 0 0 1 1 1 1 1 

Qa14 0 1 1 1 1 1 0 0 0 0 0 

Note: “0” representing OFF state and “1” representing ON state 

 

3 Artificial gorilla troops optimization-based 

SHMPWM technique 

By applying the Fourier series, the output phase 

voltage waveform of the 3-ph 11L S2MLI shown in 

Fig. 2 can be mathematically represented as follows 

𝑉Ph(𝜔𝑡) = ∑
4𝑉S
𝑛𝜋

∑ cos(𝑛𝛼𝑘)

5

𝑘=1

∞

𝑛=1

 sin(𝑛𝜔𝑡) (1) 

where VS is the magnitude of DC voltage source, n is an 

integer representing the odd n-th harmonic order, k is an 

integer, αk is the k-th switching angle, ω is the angular 

frequency and t is time. Note that the switching angles 

applied to the S2MLI must meet the condition 0 ≤ α1 ≤ 

α2 ≤ α3 ≤ α4 ≤ α5 ≤ π/2. The n-th harmonic amplitude in 

the VPh, as given in (1), is given as follows 

𝑉𝑛 =
4𝑉S
𝑛𝜋

∑cos(𝑛𝛼𝑘)

5

𝑘=1

 (2) 

In the SHMPWM technique, the fundamental 

harmonic is to be maintained at a desired value, while 

selected low-order harmonics are to be minimized. For 

the case of 3-ph 11L S2MLI, four undesired harmonics, 

i.e. 5-th, 7-th, 11-th and 13-th harmonics, are targeted for 

minimization. The equations for the fundamental and the 

four undesired low-order harmonics, derived from (2), 

are expressed as follows: 
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𝜋
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5

𝑘=1

 

𝑉5 =
4𝑉S
5𝜋

∑cos(5𝛼𝑘)

5

𝑘=1

 

𝑉7 =
4𝑉S
7𝜋

∑cos(7𝛼𝑘)

5

𝑘=1

 

𝑉11 =
4𝑉S
11𝜋

∑ cos(11𝛼𝑘)

5

𝑘=1

 

𝑉13 =
4𝑉S
13𝜋

∑ cos(13𝛼𝑘)

5

𝑘=1

 

(3) 

where V1 is the fundamental harmonic, while V5, V7, V11 

and V13 are the 5-th, 7-th, 11-th and 13-th harmonics, 

respectively. Due to the 3-ph configuration of the MLI, 

the triplen-odd harmonics, such as V3, V9, V15…, are not 

considered as they do not appear in the line-to-line 

voltage [25]. The modulation index (Midx) of the 3-ph 

11L S2MLI can be expressed as follows: 

𝑀idx =
𝜋𝑉1
20𝑉S

 (4) 

where 0 < Midx ≤ 1. As previously mentioned, (3) can be 

solved using the NR method. Solving (3) simultaneously 

with NR method, however, is relatively time-consuming 

due to the need to guess good initial switching angles. 

Additionally, poor initial guesses may lead to con-

vergence failure, making it unable to compute switching 

angles for a wide range of Midx. To address these issues, 

the equations in (3) are converted into an OF, as 

presented in (5), and solved using SC methods. The OF 

is expressed as follows 

𝑂𝐹 = (100
𝑉d − 𝑉1
𝑉d

)
4

+
1

5
(50

𝑉5
𝑉1
)
2

+
1

7
(50

𝑉7
𝑉1
)
2

 

+
1

11
(50

𝑉11
𝑉1
)
2

+
1

13
(50

𝑉13
𝑉1
)
2

 

(5) 

where Vd is the desired V1. The first term of the OF 

focuses on evaluating how close the fundamental voltage 

is to the desired value, while the second to fifth terms 

focus on the minimization of the undesired V5, V7, V11 

and V13 harmonics. As previously mentioned, the AGTO 

method [21] is employed and adapted to solve the 

SHMPWM problem in this work. The AGTO mimics the 

social behaviors of gorilla troops in nature. It involves 

two optimization phases, which are exploration and 

exploitation phases in the search for the best solutions.   
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In the exploration phase of the AGTO algorithm, 

three equations shown in (6) are used to mimic the 

behavior of the gorilla troop migrating to an unknown 

location, joining another gorilla troop or moving towards 

a known location. A parameter p, representing the 

probability of selecting the migration mechanism to an 

unknown space, is initialized at the beginning of the 

optimization process with a value between 0 and 1. The 

first equation in (6) is applied when r4 < p. If r4 ≥ 0.5, 

the second equation in (6), which represents the behavior 

of the gorilla troop joining another troop, is selected. 

Otherwise, if p ≤ r4 < 0.5, the third equation in (6), which 

represents the behavior of the gorilla troop migrating to 

a known location, is chosen. 

𝐺𝑌(𝑗 + 1)

=

{
 
 

 
 
𝑟1(𝑌UB − 𝑌LB) + 𝑌LB 𝑟4 < 𝑝

(𝑟2 − 𝐶) ∙ 𝑌𝑟(𝑗) + 𝐶 ∙ 𝑙 ∙ 𝑍 ∙ 𝑌(𝑗) 𝑟4 ≥ 0.5

𝑌(𝑗) − (𝐶2𝑙2 + 𝐶 ∙ 𝑙 ∙ 𝑟3)

(𝑌(𝑗) − 𝐺𝑌𝑟(𝑗))
𝑝 ≤ 𝑟4 < 0.5

 
(6) 

where j is the j-th iteration, GY(j+1) represents the new 

position vector of gorilla in the (j+1) iteration, while YUB 

and YLB are the upper and lower boundaries of the 

variables, respectively. Y(j) is the current position vector 

of gorilla, and Yr(j) and GYr(j) are the position vectors of 

a gorilla chosen randomly from the entire population.  

Z is a randomly selected value between [–C, C], l is  

a randomly selected value within the range of –1 and 1, 

and r1, r2, r3 and r4 are randomly selected values between 

0 and 1 during every iteration. The value C is given by 

𝐶 = (cos(2𝑟5) + 1) (1 −
𝑗

𝑗max
) (7) 

where r5 is a value selected randomly between 0 and 1 

during every iteration and jmax is the maximum number 

of iterations. The OF of each GY solution is evaluated 

upon completing the exploration phase. If the OF of 

GY(j) is lower than the OF of Y(j), the GY(j) solution will 

replace the Y(j) solution. At the end of this phase, the GY 

solution with the lowest OF is referred to as the 

silverback (Ysb).  

In the exploitation phase of the AGTO algorithm, two 

mathematical equations, which are given by (8) and (9), 

are used to mimic “follow the silverback” or 

“competition for adult females” behavior, respectively. 

Equation (8) is used if C ≥ W, while (9) will be used if C 

< W, with W is set at the beginning of the optimization 

process.  

𝐺𝑌(𝑗 + 1) = 𝐶 ∙ 𝑙 ∙ |
1

𝑁𝑃
∑𝐺𝑌𝑖(𝑗)

𝑁𝑃

𝑖=1

| ∙ (𝑌(𝑗) − 𝑌sb)

+ 𝑌(𝑗) 

(8) 

𝐺𝑌(𝑗 + 1) = 𝑌sb − 𝛽 ∙ 𝐷 ∙ (2𝑟6 − 1)(𝑌sb − 𝑌(𝑗)) (9) 

where NP represents the population size of the gorillas 

and GYi(j) is the position vector of i-th gorilla at j-th 

iteration. r6 is a value chosen randomly between 0 and 1 

and β is assigned at the beginning of the optimization 

process. In (9), D is utilized to emulate the effect of 

violence on the dimensions of solutions. A random value 

r7, generated between 0 and 1, determines the behavior 

of D. If r7 ≥ 0.5, D is assigned with a randomly selected 

value from a normal distribution (N1). Otherwise, if r7 < 

0.5, D is assigned values randomly from the normal 

distribution and the dimensions of the problem (N2). 

𝐷 = {
𝑁1 𝑟7 ≥ 0.5
𝑁2 𝑟7 < 0.5

 (10) 

Figure 3 shows the pseudo code of the AGTO algorithm. 

As shown in the pseudo code, the algorithm starts with 

setting parameters such as β, W, p, NP, jmax, YLB and YUB, 

along with initializing the gorilla population position. 

 

4 Results and discussion 

In this work, the performance of the AGTO-

SHMPWM technique is evaluated through MATLAB 

analysis and compared with that of GA- and GOA-

SHMPWM techniques. Table 2 shows the parameters of 

GA, GOA and AGTO algorithms. For a fair comparison, 

all three SC methods are initialized with the same 

number of runs, maximum number of iterations (jmax) 

and population size (NP), which are set as 20, 500 and 

100, respectively. Note that all these three SC methods 

are used to minimize the OF in (5) for a wide range of 

Midx, which varies from 0.01 to 1.00 with a step size of 

0.01. 

Figure 4 compares the OF values achieved by the 

GA-, GOA- and AGTO-SHMPWM techniques. As can 

be seen in the figure, all SC methods produce similar OF 

values at Midx near 0 and 1. However, in the regions 

between Midx = 0.45 to 0.72 and 0.75 to 0.84, the OF 

values achieved by the AGTO are consistently below  

10–30, with a minimum of 10–32 significantly lower than 

the OF values of GA and GOA methods, which are 

higher than 10–12 in the same region. This suggests that 

the AGTO method exhibits an attractive behavior 

compared to other methods, potentially reflecting its 

capability to explore the solution space more thoroughly 

in these regions. Figure 5 shows the plot of the 

cumulative distribution function (CDF) versus OF plot 

for the GA, GOA and AGTO methods. The CDF is 

calculated using the following formula 

𝐶𝐷𝐹 = 𝑃(𝑂𝐹 ≤ 𝑂𝐹spec) (11) 

The CDF demonstrates the probability (P) that the OF is 

equal to or lower than a specific OF value (OFspec).  

By way of example, for an OFspec of 10–30 (refer to Fig. 

5), the CDF of the AGTO method is 38%, while that of 

the GA and GOA methods are both 0%. This indicates 
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that 38% of the OF values achieved by the AGTO 

method are below 10–30, whereas the GA and GOA 

methods do not achieve any values below this threshold. 

Similarly, for an OFspec of 10–12, the CDF of the AGTO 

method is 38%, while that of the GA and GOA methods 

are both 0%. This shows that none of the OF values 

achieved by the GA and GOA methods are lower than 

10–12. The CDF results confirm that the AGTO method 

has a higher probability of achieving lower OF values 

compared to the GA and GOA methods. 

 

  

 

Fig. 3. Pseudo code of AGTO algorithm 

 

Table 2. Parameters of soft-computing methods 

employed in MATLAB analysis 

Algorithms GA GOA AGTO 

Parameters 
Crossover = 0.5 

Mutation = 0.5 

YLB = 0° 

YUB = 90° 

f = 0.50 

l = 1.50 

cmin = 0.00004 

cmax = 1.00 

YLB = 0° 

YUB = 90° 

β = 3.00 

p = 0.03 

W = 0.80 

 

 

Fig. 4. OF obtained using GA-, GOA-  

and AGTO-SHMPWM techniques 

 

  

Fig. 5. CDF obtained using GA-, GOA-  

and AGTO-SHMPWM techniques 

 

Figure 6 shows the switching angles obtained using 

AGTO-SHMPWM technique for Midx ranging from 0.01 

to 1.00. Clearly, the figure shows that the AGTO-

SHMPWM technique can provide switching-angle 

solutions over a wide range of Midx. Besides, the 

condition of 0 ≤ α1 ≤ α2 ≤ α3 ≤ α4 ≤ α5 ≤ π/2 is met. 

Additionally, the switching angles tend to decrease from 

90° to 0° in order to increase the amplitude of the 

fundamental output voltage harmonic (V1). The 

switching angles computed from the proposed AGTO-

SHMPWM technique are substituted into (2) to calculate 

V1, V3, V5, V7, V9, V11, V13 and V15, which help assess the 

performance of the AGTO-SHMPWM technique. 

Figure 7 illustrates the harmonic response achieved by 

the AGTO-SHMPWM technique. As depicted in the 

figure, the fundamental harmonic (V1) closely matches 

the desired value (100%) over the Midx range. From  

Midx = 0.43 to Midx = 0.85, it can be noticed that the 

Start
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      else
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End
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undesired harmonics (V5, V7, V11 and V13) are nearly zero, 

reflecting the successful minimization of OF achieved 

by the proposed AGTO-SHMPWM technique. Thus, 

Fig. 7 clearly shows that the proposed AGTO-

SHMPWM technique can maintain the fundamental 

voltage of the MLI over a wide range of Midx, while 

minimizing the undesired low-order harmonics. Figure 8 

compares the phase and line-to-line voltage THDs 

produced by the AGTO-SHMPWM technique. Clearly, 

the line-to-line voltage THDs are always lower 

compared to the THDs of the phase voltage. This is 

attributed to the natural elimination of triplen-odd 

harmonics in the 3-ph system, as mentioned earlier. As 

shown in Fig. 8, the proposed AGTO-SHMPWM 

technique achieves a minimum phase voltage THD of 

7.93% at Midx = 0.80. At this Midx, the corresponding 

line-to-line THD is 5.55%. 

 

 

Fig. 6. Switching angles over Midx range determined 

using AGTO-SHMPWM techniques 

 

 

Fig. 7. Harmonic response over Midx range 

determined using AGTO-SHMPWM techniques 

 

 

Fig. 8. THDs of phase and line-to-line voltage wave-

forms over Midx range determined using AGTO-

SHMPWM techniques 

 

 

Fig. 9. Phase voltage waveforms (Midx = 0.80) 

 

 

Fig. 10. Line-to-line voltage waveforms (Midx = 0.80) 
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The switching angles computed using the AGTO-

SHMPWM technique are applied to a 3-ph 11L S2MLI 

PSIM simulation model, constructed based on the 

configuration shown in Fig. 1, for further validation. The 

S2MLI is controlled to operate at a fundamental 

frequency of 50 Hz. A set of switching angles, obtained 

from the AGTO-SHMPWM technique at Midx = 0.80, is 

applied to the 3-ph 11L S2MLI model. Note that the 

switching angles applied to phase B are shifted by 120°, 

while those of phase C are shifted by 240°. Each DC 

voltage source in the model is set to 72 V, and the S2MLI 

is tested under both resistive and inductive loads. For  

a fair comparison, the total load impedance is kept 

constant at 62.43 Ω for both load conditions. The 

resistive load is set to R = 62.43 Ω, while the inductive 

load consists of R = 50 Ω and L = 119 mH. Figure 9 

shows the output phase voltage waveform of the 3-ph 

11L S2MLI operated under both resistive and inductive 

loads, while that of line-to-line voltage waveform is 

shown in Fig. 10. Note that the phase and line-to-line 

voltage waveforms are identical under both resistive and 

inductive loads. Hence, the output voltage waveforms 

are presented only once in Figs. 9 and 10. As shown in 

the figures, the voltage waveforms generated using the 

switching angles calculated from the AGTO-SHMPWM 

technique are sinusoidal-like staircase shape, with each 

waveform having a phase shift of 120° from its adjacent 

phase. Besides, the voltage amplitude of the phase 

voltage waveform is 360.00 V, while that of the line-to-

line voltage waveform is 648.00 V.  

Figures 11(a) and 11(b) compare the waveforms of 

phase A voltage (VPhA), line-to-line AB voltage (VAB) 

and line A current (ILineA) of 3-ph 11L S2MLI when 

operated with resistive and inductive loads, respectively. 

The harmonic spectrums of the voltage (VPhA and VAB) 

are shown in Fig. 12, while the harmonic spectrums of 

the current (ILineA under resistive load and ILineA under 

inductive load) are compared in Fig. 13. All harmonic 

spectrums are obtained using the Fast Fourier Transform 

(FFT) analysis in PSIM software.  

 

 

(a) 

 

(b) 

Fig. 11. Comparison of VPhA, VAB and ILineA waveforms 

(Midx = 0.80): (a) Resistive load, (b) Inductive load 

 

 

Fig. 12. Harmonics spectrums of VPhA and VAB 

waveforms (Midx = 0.80) 
 

 

Fig. 13. Harmonics spectrums of ILineA waveforms 

under resistive and inductive loads (Midx = 0.80) 
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Note that due to the wye-connection in the 3-phase 

system, the load phase current is the same as the line 

current, therefore, only the line current results are 

presented. As can be seen in Figs. 11(a) and 11(b), VAB 

leads VPhA, reflecting the phase shift between the line-to-

line and phase voltages in a 3-ph system, which is 

aligned with the 3-ph circuit theory [26]. Additionally, 

as shown Fig. 11(a), the ILineA is in phase with VPhA, 

which is due to the resistive nature of the load, while 

ILineA lag VPhA, as shown in Fig. 11(b), which is attributed 

to the inductive nature of the load. The fundamental 

components of VPhA and VAB are 366.69 V and 635.12 V, 

respectively, while the fundamental component of ILineA 

is 5.87 A. Note that the fundamental voltage of VPhA 

obtained from the FFT analysis closely matches the 

calculation from (3), while that of VAB is √3 times the 

fundamental voltage of VPhA. The THD of VAB is 5.55%, 

lower than the THD of VPhA, which is 7.93%. This 

reduction in THD in VAB results from the natural 

elimination of triplen-odd harmonics (e.g., V3, V9 and 

V15) in VAB, as evidenced in Fig. 12. Besides, as can be 

seen in Fig. 12, the V5, V7, V11 and V13 harmonics of the 

phase voltage waveform are zero, which are the same as 

the harmonic responses observed at Midx = 0.80 in Fig. 7. 

As shown in Figs. 11(a) and 11(b), the THDs of ILineA 

under resistive and inductive loads are 5.55% and 0.35%, 

respectively. The ILineA waveform for the inductive load 

is smoother and closer to a sinusoidal shape, leading to 

a significantly lower THD compared to that of resistive 

load. The lower ILineA THD is primarily attributed to the 

inductive load, which acts like a low-pass filter that 

inherently attenuates higher-order harmonics. Additio-

nally, since the line-to-line voltage does not contain 

triplen-odd harmonics, these harmonics are also absent 

in the ILineA waveform, as shown in Fig. 13. Apart from 

the harmonic analysis, the performance of the 3-ph 11L 

S2MLI controlled at Midx = 0.80 using the switching 

angles obtained using AGTO-SHMPWM technique has 

been evaluated under changing frequency conditions. 

Figure 14 presents the VPhA and VAB waveforms when 

frequency changes from 50 Hz to 100 Hz at 0.08 s and 

back to 50 Hz at 0.12 s. As can be observed from the 

figure, the output voltage waveforms are able to respond 

instantly to the frequency step-change without any 

deterioration. This demonstrates that the MLI, controlled 

using the switching angles obtained from AGTO-

SHMPWM technique, can maintain a stable output 

voltage waveform despite frequency changes. 

 

 

 

 

 

Fig. 14. Voltage waveforms with changing frequency 

(Midx = 0.80) 

 

5 Conclusion 

In this paper, AGTO-SHMPWM technique is pro-

posed to determine the switching angles for 3-ph 11L 

S2MLI. The performance of the AGTO-SHMPWM 

technique has been compared to that of GA and GOA-

SHMPWM techniques. MATLAB analysis results show 

that proposed AGTO-SHMPWM technique can achieve 

significantly lower OF values, below 10–30, compared to 

GA- and GOA-SHMPWM techniques (higher than  

10–12). The CDF analysis reveals that the AGTO method 

has a 38% probability of achieving an OF lower than  

10–30, while the GA and GOA methods have a 0% 

probability. This demonstrates that the AGTO method 

has a higher probability of achieving lower OF values 

compared to the GA and GOA methods. The switching 

angles obtained using the AGTO-SHMPWM technique 

are able to minimize the undesired harmonics (V5, V7, V11 

and V13) while maintaining the desired fundamental 

harmonic.  
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In addition, PSIM simulation results demonstrate that 

the switching angles obtained using the AGTO-

SHMPWM technique, when applied to the 3-ph 11L 

S2MLI operated under pure resistive and inductive 

loads, produce sinusoidal-like staircase output voltage 

wave-forms. The phase and line-to-line voltage THDs, 

when the S2MLI is operated at Midx of 0.80, are 7.93% 

and 5.55%, respectively, which are consistent with those 

predicted by MATLAB analysis. Besides, the 3-ph 11L 

S2MLI, controlled using the switching angles obtained 

from AGTO-SHMPWM technique, can maintain  

a stable output voltage waveform despite frequency 

changes. 
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