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 Modern power electronics depend heavily on Multilevel Inverters (MLIs) 

to drive high-power systems operating in renewable energy systems 

electric vehicles along with industrial motor drives. MLIs create AC 

signals of high quality by joining multiple DC voltage sources which leads 

to minimal harmonic distortion outputs. The Cascaded H-Bridge MLI 

(CHB-MLI) stands out as a first choice among different topologies of MLI 

for photovoltaic (PV) applications because it includes modular features 

with fault tolerance capabilities and excellent multi-DC source integration. 

To achieve effective operation MLIs need optimized control strategies that 

reduce harmonics while maintaining highest performance. Using SHE-

PWM technology provides an effective technique for harmonic frequency 

reduction which allows the improvement of waveform integrity. Technical 

restrictions make the solution of SHE-PWM nonlinear equations 

exceptionally challenging to implement. The resolution of complex non-

linear equations requires implementation of GA combined with PSO and 

BO for optimal switching angle determination. The research investigates 

an 11-level asymmetric CHB-MLI using five solar panels where SHE-

PWM switching angles are optimized through GA, PSO and BO 

applications. Simulation tests validate that the implemented algorithms 

succeed in minimizing Total Harmonic Distortion (THD) and removing 

fundamental harmonic disturbances. The evaluation demonstrates distinct 

capabilities of each optimization approach between accuracy rates and 

computational speed performance. These optimization methods yield 

practical advantages which boost the performance of multi-level inverters. 

The researchers who follow should study actual hardware deployments 

together with combined control approaches to enhance power electronic 

applications. 
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1. Introduction 

The multilevel inverter stands as a vital power electronics device that produces highly powered 

AC waveforms through its stepped voltage design. These output waveforms are produced by MLIs by 

connecting multiple DC sources which both enhances efficiency and improves waveform quality. 

MLIs provide such advantages that make them standard devices in renewable energy systems along 

with electric vehicles, industrial motor drives and grid-connected power systems [1]-[4]. Multiple 

MLI topologies have evolved throughout time to boost inverter performance by resolving three 

primary issues regarding component numbers and commitment and harmonic elimination. The most 

popular multi-level inverter setups consist of three fundamental configurations which include 

Cascaded H-Bridge MLI (CHB-MLI), Diode-Clamped MLI (DC-MLI) and Capacitor-Clamped MLI 

(CC-MLI) [5]-[7]. The CHB-MLI incorporates H-bridge inverter units that operate with independent 

DC power supplies to achieve its functionality. The DC-MLI achieves stepwise voltage distribution 

through specific diode clamping and the CC-MLI enables stepped voltage levels using capacitors for 

improved voltage balancing purposes [8]-[10]. 

The Compound Hybrid Multilevel Inverter emerges as the optimal choice for implementing 

photovoltaic systems because of its distinguished features. The modular structure makes it an 

appropriate choice because it enables simple growth expansion capabilities. This multilevel inverter 

type shows optimal fault management abilities and makes it possible to connect various independent 

DC power sources efficiently. Renewable energy applications benefit greatly from the CHB-MLI 

since it provides an effective design with no need for passive components such as diodes or capacitors 

while eliminating the need for DC-MLI or CC-MLI extra equipment [11]-[14]. Major among the 

advantages of using MLI modules is their power to decrease harmonic distortion that enhances AC 

output quality. An MLI's stepped output waveform helps power conversion become more efficient 

because it eliminates the requirement for complex filtering. The distribution of voltage levels across 

several switching devices through MLIs reduces the individual semiconductor components' voltage 

exposure. Lower-rated devices can be implemented in the system because of this design trait which 

increases reliability and efficiency [15]-[18]. 

To achieve optimal performance from MLI systems it is essential to handle their existing 

challenges effectively. Higher-level inverters face an important operational challenge because they 

demand more components than lower-level inverters. The addition of each new voltage level raises 

the total count of power switches as well as driver circuits and passive components which generates 

more complex systems that cost more to build. The achievement of optimal switching angles for 

harmonic minimization needs complex control methods that increase overall inverter system 

complexity. The problem of DC source matching emerges specifically during asymmetric setups 

because unbalanced voltage distribution reduces system performance. The classification of MLIs 

depends on their DC voltage source distribution because it creates symmetric or asymmetric 

configuration patterns. Each DC source in symmetric MLIs operates with the same voltage amount 

which results in both balanced voltage distribution and easier control implementation. The operation 

of asymmetric MLIs depends on using sources with variable levels of DC voltage [19]-[24]. The 

asymmetric design enables inverter efficiency improvements by letting it produce stronger output 

voltage levels from reduced switching components but without circuit modifications. Symmetric 

MLIs offer the main benefit of producing elevated voltage outputs through fewer required switching 

devices. Further advanced control systems are required to maintain stable operation and optimal 

performance standards because asymmetric MLIs do not distribute their voltage equally. 

The performance of MLIs depends fundamentally on control strategies because these strategies 

determine the operating methods of switching devices when creating desired output waveforms. 

Modulation technique selection stands equally important to circuit design principles for MLI operation 

[25]-[28]. Control methods applied to MLI systems comprise three distinct groups which include low-

frequency switching operations and high-frequency switching operations and hybrid switching 

operations. The reduced number of switching transitions in low-frequency switching methods assists 

both high efficiency and reduced switching loss performance. The superiority of waveform quality 
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that high-frequency switching provides comes with higher switching losses because of its numerous 

switching events. Hybrid switching combines essential components from both low- and high-

frequency techniques to reach an excellent balance between efficiency and performance standards 

[29]-[34]. 

The Selective Harmonic Elimination Pulse Width Modulation (SHE-PWM) represents an 

extensively studied modulation technique for Multi-Level Inverters (MLIs). The low-frequency 

switching technique SHE-PWM enables users to remove selected harmonic components that appear 

in the output waveform. The required optimal switching angles become known through solving the 

nonlinear transcendental equations [35]-[38]. An extensive amount of research exists about the SHE-

PWM method because it provides superior waveform quality alongside lower switching frequencies 

to boost inverter efficiency. SHE-PWM presents a main obstacle due to its difficult nonlinear equation 

resolution requirements. The equations present solutions with multiple possibilities or without any 

solution that can be reached. The determination of precise optimal switching angles remains 

challenging for traditional methods because they need advanced optimization algorithms [39]-[43]. 

The research tackles SHE equation problems for an 11-level asymmetric CHB-MLI which 

operates with five solar panels. The main goal involves finding suitable switching angles for SHE-

PWM with the help of advanced optimization techniques. This research implemented three distinct 

optimization algorithms which included Genetic Algorithm (GA) and Particle Swarm Optimization 

(PSO) with Bayesian Optimization (BO) as the last algorithm [4]-[8]. This bio-inspired optimization 

approach used within the Genetic Algorithm functions as a method to find excellent solutions through 

natural selection processes [44]-[48]. The effective solution of complex nonlinear problems within 

power electronics makes this method popular for diverse applications. PSO operates as an algorithm 

that draws inspiration from nature to study the movements of particles throughout their search space. 

PSO demonstrates both quick convergence speed and efficient computations that make it suitable for 

solving SHE equations. The probabilistic model-based Bayesian Optimization technique operates 

through efficient space exploration to find excellent solutions while consuming low computational 

resources [49]-[53]. The power electronics sector appreciates BO because of its strong nonlinearity 

restriction capabilities. 

Simulation analysis was executed by using the optimal switching angles to assess the 

performance of these optimization methods. A thorough evaluation of the inverter output voltage 

profile along with harmonic content took place during various optimization condition tests. The 

evaluation of each optimization algorithm focused on Total Harmonic Distortion (THD) alongside 

specialized harmonic removal effectiveness for the 5th, 7th, 11th along with 13th harmonics and 

computational efficiency metrics. All optimization algorithms performed effectively to decrease 

harmonic distortion and enhance the quality of waveforms. The research evaluation showed unique 

advantages for each optimization method within its analysis. The SHE equation resolution by GA 

together with PSO demonstrated reliability yet BO achieved faster and lower-cost optimization 

solutions. this research establishes the advantageous performance of GA, PSO and BO algorithms 

when applied to finding SHE-PWM switching angle solutions in asymmetric 11-level CHB-MLI 

inverters. The implementation of these optimization methods results in improved inverter performance 

because they decrease THD levels and enhance power quality metrics. The experimental results 

showcase the practical value of advanced optimization techniques which find their most beneficial 

use in renewable energy systems coupled with high-power industrial drives. Future research will aim 

at three things: implementing optimized modulation methods directly on hardware systems and 

evaluating how different modulation methods work together for extra performance improvement. 

2. Asymmetric Cascaded H-Bridge Inverter 

Asymmetric cascaded H-bridge inverters are a subclass of cascaded H-bridge inverters. This type 

of inverter has a structure where each H-bridge rectifier has different DC sources. It is typically 

achieved by combining multiple DC sources with different voltage levels, which allows for higher 

voltage levels at the inverter's output. Asymmetric cascaded H-bridge inverters are used mainly in 
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applications such as renewable energy systems. These inverters can integrate energy obtained from 

PV panels with different voltage levels into grid-connected AC systems. These inverters generally 

offer advantages such as high efficiency, low harmonic distortion, and wide operating range. 

However, the design and control processes should be carefully addressed to ensure the balanced 

utilization of different DC sources. 

Fig. 1 presents the circuit design of the 11-level three-phase asymmetric CHB-MLI, while Fig. 2 

presents the waveform of the single-phase output voltage. Output voltage level can be expressed as 

L=2x(VPV1+VPV2+VPV3) +1. Where VPV1 = Vdc, VPV2 = 2Vdc and VPV3= 2Vdc. Based on the 

switching angles for level 11, Table 1 presents the current status of the H-bridge module. The state '0' 

indicates that the module is not active, while the state '1' indicates that it is active. The modulation 

index, M, can be defined as the ratio of the output voltage to the total voltage (M=Vout/Vtotal). Vout 

is the maximum output voltage, and Vtotal is the total value of the input voltage sources 

(Vtotal=5Vdc). 

 

Fig. 1. Circuit of three-phase 11-level asymmetric CHB-MLI 

 

Fig. 2. Circuit of three-phase 11-level asymmetric CHB-MLI Output voltage waveform for single phase 
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3. Selective Harmonic Elimination 

Selective Harmonic Elimination (SHE) is a control technique used in power electronics to 

eliminate specific harmonics from the output voltage waveform of inverters. The primary objective of 

SHE is to achieve a desired voltage waveform with reduced harmonic distortion by selectively 

eliminating specific harmonics while maintaining fundamental frequency components. This technique 

involves solving a set of nonlinear equations to determine the switching angles of the inverter, which 

allows for precise control over the harmonic content of the output voltage. By strategically selecting 

the switching angles, SHE enables the generation of high-quality output waveforms tailored to specific 

application requirements, such as grid-tie inverters for renewable energy systems [8]-[11]. 

Table 1.  Module states in a quadrature 

Module 
The Switching Angles 

θ1 θ2 θ3 θ4 θ5 

H1 1 0 1 0 1 

H2 0 1 1 1 1 

H3 0 0 0 1 1 

 

Equation (1) defines the nonlinear harmonic equations needed to determine the best switching 

angles in a 11-level CHB-MLI [13]-[16]. It expresses the output voltage, including all the harmonic 

components. The equation (1) allows us to determine the Vfund for the fundamental harmonic when 

n=1, and for the low order harmonics (n=5,7, 11, …) that we want to remove in three phase system. 

 
𝑉𝑛𝑡ℎ = (𝑉𝑃𝑉1) 𝑐𝑜𝑠( 𝑛𝜃1) + (𝑉𝑃𝑉2) 𝑐𝑜𝑠( 𝑛𝜃2) + (𝑉𝑃𝑉1 + 𝑉𝑃𝑉2) 𝑐𝑜𝑠( 𝑛𝜃3) 

+(𝑉𝑃𝑉2 + 𝑉𝑃𝑉3) 𝑐𝑜𝑠( 𝑛𝜃4) + (𝑉𝑃𝑉1 + 𝑉𝑃𝑉2 + 𝑉𝑃𝑉3) 𝑐𝑜𝑠( 𝑛𝜃5) 
(1) 

The equations are solved in such a way that the value of Vfund is equal to the fundamental voltage 

value that is required, and that low-order harmonics, such as V5, V7, ...V13, are likewise determined 

to be zero. The THD value in three-phase systems may be determined using the equation (2). The 

highest limit for total harmonic distortion (THD) is infinite. The THDe value may be determined using 

the same procedure, which involves calculation up to the 13th harmonic. equation (3) calculates THD 

in three-phase systems. THD's highest harmonic limit is infinite. THDe may be calculated using the 

same procedure up to the 13th harmonic. The fitness function for Selective Harmonic Elimination 

Pulse Width Modulation (SHEPWM) in a 11-level inverter may be expressed as follows. 

 
𝑇𝐻𝐷 =

√𝑉5
2 + 𝑉7

2 + 𝑉11
2 ⋯

|𝑉1|
 

(2) 

 
𝑓 = 𝑚𝑖𝑛

𝜃𝑖

{|𝑉𝑓𝑢𝑛𝑑 − 𝑉𝑟𝑒𝑓| + (|𝑉5𝑟𝑑|
2

+. . . +|𝑉13𝑡ℎ|
2

)} = 0, 

 0 ≤ 𝜃1 < 𝜃2 <. . . < 𝜃7 ≤
𝜋

2
 

(3) 

4. Bonobo Optimization Algorithm  

This article offers a concise introduction to the Bonobo Optimizer (BO) algorithm, a recently 

developed heuristic optimization technique. This algorithm is inspired by the social behaviors and 

mating techniques of bonobos [11]-[15] in its construction. Bonobos, similar to other primates, use a 

fission-fusion group strategy, wherein they split into smaller groups of different sizes (fusion) and 

autonomously explore their territory. Subsequently, they reintegrate (merge) with the rest of society 

to participate in customary activities, including engaging in sexual relations, competing with rivals, 

and so on. Bonobos use four separate reproductive strategies: consort ship mating, extra-group mating, 
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restricted mating, and promiscuous mating, in addition to the aforementioned ones. The fundamental 

workings of these approaches exhibit a significant amount of diversity. The mathematical 

representation of the BO algorithm is as follows. The alpha bonobo, also known as the αbonobo, is 

referred to as the highest-ranking bonobo based on the objective value in this method.  

Beginning with positive and negative phases, the BO algorithm considers two stages. Positive 

phase circumstances include abundant of food and shelter, great mating success, etc. Unlike the 

positive phase, the negative phase is the opposite. Each cycle increases positive phase count (ppc) and 

negative phase count (npc) by one and goes through a positive or negative phase. If one parameter is 

raised, the other is initialized to 0 [12].  

The fusion social method helps bonobos pick mates. Equation (4) with the population size (N) 

may calculate the maximum temporary subgroup size (tsgsmax). For temporary sub-group size factor 

tsgsfactor, the maximum value of tsgsmax is between 2 and (tsgsfactor × N) [12]. 

 𝑡𝑠𝑔𝑠 (2, (𝑡𝑠𝑔𝑠factor 
× 𝑁))

𝑚𝑎𝑥
 (4) 

We randomly choose a temporary subgroup size between 2 and tsgsmax. After then, the p th-

bonobo gets mated since it has the greatest fitness in that subgroup. The positive phase favors restricted 

and promiscuous mating, whereas the negative phase favors consortship and extra-group mating. The 

BO algorithm calls this likelihood phase-probability (pp). The initial pp value is 0.5. This value is 

adjusted after each iteration depending on the phase and number of phases. During positive phases, it 

ranges (0.5, 1.0); during negative phases, (0, 0.5). The main positive phase equation (5) [12]. 

 
new_bonobo 𝑗 =  bonobo 𝑗

𝑖 + 𝑟1 × 𝑠𝑐𝑎𝑏 × (𝛼bonobo 
𝑗

−  bonobo 𝑗
𝑖) 

+(1 − 𝑟1) × 𝑠𝑐𝑠𝑏 ×  flag × ( bonobo 𝑗
𝑖 −  bonobo 𝑗

𝑃) 
(5) 

Alpha bonobo and offspring have j-variables bonobo and new bonoboj. The optimization 

problem has d variables, and j ranges from 1 to d. Sharing parameters are scab and scsb. Flag is given 

1 or -1 depending on the circumstance. equations (6)-(11) create the new bonobo during extra-group 

mating in a negative phase [12]. 

 𝛽1 = 𝑒(𝑟1
2+𝑟1−2/𝑟1) (6) 

 𝛽2 = 𝑒(−𝑟1
2+2×𝑟1−2/𝑟1) (7) 

 new_bonobo𝑗 =  bonobo 𝑗
𝑖 + 𝛽1 × ( Var_max 𝑗 −  bonobo 𝑗

𝑖) (8) 

 new_bonobo𝑗 =  bonobo 𝑗
𝑖 − 𝛽2 × ( bonobo 𝑗

𝑖 −  Var −𝑚𝑖𝑛
𝑗

) (9) 

 new_bonobo𝑗 =  bonobo 𝑗
𝑖 − 𝛽1 × ( bonobo 𝑗

𝑖 −  Var −𝑚𝑖𝑛
𝑗

) (10) 

 new_bonobo𝑗 =  bonobo 𝑗
𝑖 + 𝛽2 × ( Var −𝑚𝑎𝑥

𝑗
−  bonobo 𝑗

𝑖) (11) 

Fig. 3, titled "Fission-fusion social groups of bonobos," illustrates the dynamic social structure 

of bonobos. This system is characterized by individuals splitting into smaller subgroups (fission) and 

reuniting into larger groups (fusion) over time. The main group typically consists of individuals 

sharing a specific territory, but they may divide into smaller units based on resource availability or 

social bonds. These subgroups later merge again for social interactions or other needs. This system 

demonstrates the social flexibility and complex relationships within bonobo communities. Fig. 4 

illustrates the movement directions of different bonobos in two areas, PP and NP, highlighting the 
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paths with higher probabilities. This provides insights into how bonobos navigate their environment, 

likely influenced by factors such as resource distribution, social interactions, and environmental 

conditions. Understanding these patterns aids in optimizing strategies for bonobo conservation and 

habitat management by focusing on critical movement corridors and high-use areas. 

 

Fig. 3. Fission-fusion social groups of bonobos [12] 

 

Fig. 4. Directions of movements of different bonobos in PP and NP with the higher probabilities [12] 

A flowchart explaining the proposed BO is shown in Fig. 5. It is also important to note that the 

suggested technique generates all of the random integers that are utilized in the range of (0.0, 1.0). 

The two intermediate variables are and, and the jth variable's lower and upper limits are Var_maxj 

and Var_minj. R1 is random and between 0 and 1. See [12] for equation use criteria. Each cycle 

finishes with search feedback, which is utilized to alter controlling parameters and concentrate on 

promising variable space areas. 

5. Simulation Results 

To calculate the optimal switching angles for SHE-PWM, GA, PSO, and BO algorithms were 

implemented using MATLAB. The switching angles obtained through GA are presented in Table 2, 

those obtained through PSO in Table 3, and finally, the angles calculated using BO in Table 4. For 

each modulation level, the determined switching angles were applied to the inverter, and the resulting 

PP

NP

Alpha Bonobo

Alpha Bonobo
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output voltage and harmonic analysis are displayed separately in each table. All algorithms were able 

to find solutions within the modulation index range of 0.1 to 1.0. However, the weakest solutions were 

obtained with the GA, while the strongest solutions were achieved using the BO algorithm. 

mAlthough GA controlled the fundamental voltage well, it obtained worse results than the other 

algorithms for all modulation index values. The GA algorithm effectively controlled the fundamental 

voltage error and suppressed selected harmonics between modulation indices of 0.5 and 1.0. The PSO 

algorithm controlled the fundamental voltage error more effectively than the GA algorithm and 

suppressed selected harmonics between modulation indices of 0.7 and 1.0. The BO algorithm 

effectively controlled the fundamental voltage error and suppressed selected harmonics between 

modulation indices of 0.5 and 1.0. 

 

Fig. 5. Flowchart of the proposed algorithm BO [12] 

The convergence curve for a unit modulation index is presented in Fig. 6. As observed, the BO 

algorithm exhibits the most effective convergence behavior, achieving superior optimization 

performance compared to the other methods. In contrast, the GA algorithm demonstrates the least 

efficient convergence characteristics. The PSO algorithm outperforms GA but falls short of the 

convergence efficiency achieved by the BO algorithm. All algorithms achieved their optimal Total 

Harmonic Distortion (THD) performance at a modulation index of 1.0. The corresponding results are 

illustrated in Fig. 7 for the GA algorithm, Fig. 8 for the PSO algorithm, and Fig. 9 for the BO 

algorithm, respectively. 
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Table 2.  Results Of GA Based Mli 

M 

SWITCHING ANGLES (radian) LOAD VOLTAGE HARMONIC VALUES (%) 

θ1 θ2 θ3 θ4 θ5 
Vref 

(max) 

V1p 

(max) 

Error 

(%) 
THD THDe 5th 7th 11th 13th 

0.1 1.27600 1.52400 1.52400 1.56800 1.56800 25 24.69 1.24% 116.31 98.75 76.41 57.46 21.94 11.32 

0.2 0.71000 1.56400 1.56400 1.56400 1.56400 50 49.84 0.32% 27.54 21.12 19.92 1.24 3.03 6.19 

0.3 0.92400 0.99300 1.56100 1.56100 1.56100 75 74.78 0.29% 28.74 25.85 5.25 18.96 8.77 14.29 
0.4 0.73600 0.73600 1.53600 1.54400 1.54400 100 99.7 0.30% 29.17 18.87 16.27 2.06 8.38 4.11 

0.5 0.71300 0.90500 1.15500 1.42700 1.52900 125 124.5 0.40% 13.57 9.09 6.56 0.63 6.05 1.59 

0.6 0.79900 0.79900 0.95900 1.31100 1.43900 150 149.5 0.33% 15.32 13.92 2.88 4.14 12.82 1.98 

0.7 0.41100 0.72700 0.89500 1.14300 1.52700 175 174.3 0.40% 9.43 4.48 3.82 0.21 2.33 0.17 

0.8 0.65200 0.78000 0.79600 1.08400 1.08400 200 199.1 0.45% 14.99 11.95 6.94 8.27 2.27 4.58 

0.9 0.28500 0.44500 0.63900 1.08500 1.15100 225 224.4 0.27% 9.76 8.18 0.31 6.46 4.41 2.40 

1.0 0.13000 0.32200 0.64200 0.76200 1.09000 250 249.0 0.40% 6.65 4.86 1.79 2.11 0.60 3.95 

Table 3.  Results Of PSO Based Mli 

 

 

Fig. 6. Convergence curve of GA, PSO and BO for unit modulation index 

The output voltage waveform for a unit modulation index calculated using GA is depicted in Fig. 

7 (a). The fundamental voltage was achieved with a maximum value of 249V, resulting in an error of 

0.40%. The corresponding THD and THDe values were computed as 6.65% and 4.86%, respectively, 

as shown graphically in Fig. 7 (b) and (c). For the unit modulation index, the output voltage waveform 

calculated with PSO is shown in Fig. 8 (a). The fundamental voltage reached a maximum of 249V 

with a 0.40% error. The THD and THDe values were determined to be 5.03% and 0.04%, respectively, 

and are displayed in graphical form in Fig. 8 (b) and (c). 
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Table 4.  Results Of BO Based Mli 

 

 

Fig. 7. Performance of the GA Algorithm at M=1.0: a) Output Voltage Waveform, b THD, c) THDe 

 

Fig. 8. Performance of the PSO Algorithm at M=1.0: a) Output Voltage Waveform, b THD, c) THDe 

 

Fig. 9. Performance of the BO Algorithm at M=1.0: a) Output Voltage Waveform, b THD, c) THDe 

The output voltage waveform for a unit modulation index, calculated using BO, is presented in 

Fig. 9 (a). The fundamental voltage was attained with a maximum value of 250V, with no error (0.0%). 

The THD and THDe values were found to be 4.84% and 0.04%, respectively, and are illustrated in 

Fig. 9 (b) and (c). 
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When comparing the performance of the three algorithms (GA, PSO, and BO) in terms of THD, 
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provides the best overall performance. In terms of THD (Total Harmonic Distortion), the BO 

algorithm achieves the lowest values compared to the other two algorithms, providing the cleanest 

output. The THD values for BO range from a maximum of 59.34% at 25V to a minimum of 4.84% at 

250V, while PSO shows a maximum of 59.35% and a minimum of 5.03%, and GA shows a maximum 
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of 116.31% and a minimum of 6.65%. This indicates that the BO algorithm provides the most efficient 

performance with lower overall distortion levels. 

For the 5th harmonic, GA shows higher values initially (76.41% at 25V), but these values 

decrease significantly as the load voltage increases, with the lowest value being 1.79% at 250V. PSO 

starts with lower values and shows a maximum of 46.09% at 25V and a minimum of 0.01% at 250V. 

Similarly, BO’s 5th harmonic values also remain low, with the highest value being 46.09% at 25V 

and the lowest 0.01% at 250V. For the 7th harmonic, GA exhibits high values, especially at lower 

voltages (57.46% at 25V), but these values decrease as voltage increases, reaching 2.11% at 250V. 

PSO performs better than GA in terms of stability, with the highest 7th harmonic at 22.31% (25V) 

and the lowest at 0.01% (250V). BO shows similarly low levels for the 7th harmonic, with the highest 

value at 7.92% (75V) and the lowest at 0.03% (250V). 

Looking at the 11th harmonic, GA shows higher values at lower voltages (21.94% at 25V), but 

these values decrease with higher voltages, reaching 0.60% at 250V. In PSO, 11th harmonic values 

are also lower, improving with voltage increase. The maximum value is 19.92% (50V), and the 

minimum value is 0.03% (250V). BO performs even better, with the highest 11th harmonic value at 

7.59% (75V) and the lowest at 0.00% (250V). Finally, for the 13th harmonic, GA shows higher values 

initially (11.32% at 25V), but these decrease as voltage increases, with the lowest value at 3.95% at 

250V. In PSO, the 13th harmonic shows a maximum of 17.01% at 25V, and the minimum value is 

0.02% at 250V. BO shows the lowest values overall for the 13th harmonic, with a maximum of 

17.00% at 25V and a minimum of 0.03% at 250V. 

In conclusion, the BO algorithm provides the best performance overall by achieving the lowest 

THD and harmonic values, offering the cleanest and most stable results. PSO performs better than 

GA, showing lower harmonic levels, but still falls behind BO. GA starts with higher distortion levels, 

which decrease as the load voltage increases, but it remains less efficient compared to BO and PSO. 

Therefore, the BO algorithm stands out by offering the least distortion and the most stable performance 

with minimal harmonic contributions. Recent advancements in Bonobo Optimization (BO) have 

proven highly effective in optimizing switching angles, particularly in mitigating selected harmonics 

within 11-level Cascaded H-Bridge Multilevel Inverter (CHB-MLI) systems employing asymmetric 

DC sources such as photovoltaic (PV) panels. The theoretical analysis was corroborated through 

simulation conducted on a three-phase 11-level CHB-MLI, thereby validating the proposed approach. 
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