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 In this research, the structure selection of the carriers in the implementation 

of random pulse width modulation (RPWM) method for single-phase voltage 

source inverter (VSI) drives is specified by a 16-bit binary sequence. 

Subsequently, the genetic algorithm (GA) is used to find the solution of the 

optimal sequence allowing the output voltage signal to achieve the minimum 

total harmonic distortion (THD). In addition, the harmonic spreading factor 

(HSF) is further analyzed to evaluate the acoustic noise and electromagnetic 

interference (EMI) of the operation of electromechanical system. Finally, 

through hardware testing process, the simulation results are validated in order 

to ensure the reliability of our research findings. The main components of this 

testing process are LAUNCHXL-F28379D utilized to generate controlling 

pulses for the modules insulated gate bipolar transistors (IGBT), and two 

EVAL-1EDI60I12AF gate driver modules for realizing the full-bridge 

inverter. 
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1. INTRODUCTION 

In contemporary applications, the conventional sinusoidal pulse width modulation (SPWM) control 

technique is prevalently utilized for motor control. However, it engenders a degradation in voltage quality after 

modulation, attributable to the emergence of substantial harmonic amplitudes in proximity to the switching 

frequency. This phenomenon precipitates audible mechanical noise, vibrations, and electromagnetic 

interference during the operation of electromechanical systems [1]. A plethora of solutions to mitigate this 

issue have been proposed by various researchers in preceding studies. The article [1], [2] presented the random 

carrier PWM (RCPWM) method using pseudo-random bit sequence (PRBS). The random reference PWM 

(RR-PWM) and random reference and random carrier PWM (RRRC-PWM) method with the randomness 

introduced in both generation of modulating signal and selection of carrier signal were mentioned in the [3]. 

Nayeemuddin et al. [4] discusses the implementation of random modulating-carrier PWM algorithm for 

cascaded multilevel inverter fed induction motor drive. The encoding of a random carrier as a gene, the random 

carrier sequence corresponding to a chromosome, and the fitness function as the reciprocal of the maximum 

amplitude of the harmonic spectrum for RCPWM based on the genetic algorithm described were proposed in 

[5]. Others strategies involve the utilization of randomized carrier frequency modulation (RCFM) [6]-[8], 

chaotic carrier random pulse width modulation (CCRPWM) [9] and randomized pulse position modulation 

(RPPM) as well as the dual RPWM methodology, which amalgamates the RCFM and RPPM schemes, is also 
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applied in [8]. Besides that, the implementation of the random space vector pulse width modulation 

(RSVPWM) technique is frequently employed as an efficacious solution for the generation of a randomness 

carrier [10]-[14]. Furthermore, the RPWM algorithm can also be applied in photovoltaic (PV) inverter systems 

for domestic utilization [15]. 

In the present study, a novel approach for the development of RPWM technique employed in single-

phase voltage source inverter (VSI) will be investigated. The configuration of carrier structures in this 

technique is characterized by a 16-bit binary sequence. Two different methods for carrier regulation are 

proposed in relation to the algorithm mentioned above. Subsequently, the genetic algorithm (GA) is applied to 

determine the optimal binary sequence solution, thereby allowing the output voltage signal to attain the 

minimum total harmonic distortion (THD). A comprehensive analysis of the harmonic spectrum structure of 

the output voltage signal is also conducted through the calculation of the HSF. 
 

 

2. THE PROPOSED RPWM TECHNIQUES 

Within the framework of the RPWM technique, the sinusoidal alternating current (AC) reference 

voltage signal is compared with the high-frequency random triangular carrier signal in a real-time setting. This 

comparison is instrumental in ascertaining the switching states for the gates of the IGBT power modules within 

single-phase VSI. Furthermore, the level-shifted approach is selected as the modulation scheme within this 

technique. Afterward, the continuous triangular carriers corresponding to each randomly generated binary bit 

value are constructed. This allows for the carrier shape to dynamically adapt to instantaneous binary values, 

thereby reducing THD in comparison to the conventional SPWM also known as fixed-frequency PWM control. 

Thus, the simulation experiments of the RPWM are carried out through two distinct alternatives: 

˗ + Option 1: Binary bit values of 0 and 1 are respectively assigned to the lower and upper waveforms, both 

exhibiting identical frequency f and amplitude A. 

˗ + Option 2 is construed as an extension of the waveforms established in option 1: A binary bit value of 0 

designates the “small” waveform (with a frequency 2f and amplitude A), while a binary bit value of 1 

designates the “large” waveform (with a frequency f and amplitude 2 A). 

Employing values where the amplitude A is set to 0.25 and the frequency f is established at 8 kHz  

(8 kHz is not too high to avoid generating excessive thermal losses in the semiconductor switches during the 

operation of this inverter). The frequency of the reference sinusoidal wave is determined to be 50 Hz. 

Consequently, the retention duration for each single bit in the binary sequence is calculated as 0.02/16, equating 

to 0.00125 seconds. The cumulative duration for each binary sequence is determined to be 1/50, or 0.02 seconds. 

This data serves as a representative sample for our research. In reality, the algorithm can be extended to 

accommodate 8-bit, 32-bit, or 64-bit configurations, and the frequency of the carrier wave can be increased to 

facilitate the modulation of voltage in metal-oxide-semiconductor field-effect transistor (MOSFET) modules. 

In these 2 proposed options, a systematic shift of binary digits within a 16-bit sequence is performed 

for transitioning into the processor from the least significant bit (LSB) to the most significant bit (MSB). This 

process is instrumental in controlling the selection of carriers, as shown in Figures 1 and 2 (see Appendices). 

Subsequently, this specific 16-bit sequence is reiterated in the ensuing cycles of the reference sinusoidal wave. 

Each carrier signal is then compared with the reference signal to generate 2 switching signals which are 

complementary for controlling 1 leg of the VSI. 

In addition to the existing configuration, it is possible to create segments exhibiting a holding state 

into the centroid of the selected waveform in the retention duration for each single bit in the binary sequence, 

as shown in Figure 3 (see Appendices). This approach reduces the number of switching times per cycle of the 

reference sinusoidal wave, thereby reducing switching losses on semiconductor switches and enhancing the 

efficiency of the overall system. Nevertheless, the applications of this proposal in the domain of 

electromechanical system control present challenges due to the non-linear characteristics of the system 

properties. Moreover, this non-linearity complicates the system’s response and behavior, thus posing 

difficulties in controlling them effectively. Hence, in the following sections of this research, our primary focus 

will be to meticulously analyze the characteristics of the 2 modulation techniques shown in Figures 1 and 2. 
 
 

3. RESEARCH METHOD-OPTIMIZATION OF OUTPUT VOLTAGE THD IN RANDOM 

MODULATION SCHEMES 

In this section, the application of GA [16], [17] is employed to determine the optimal bit sequence 

crucial for controlling the carrier signal that modulates the output voltage. Through the optimization of the bit 

sequence, the attainment of an output voltage with minimal THD is effectively facilitated. The algorithm 

flowchart presented in Figure 4 describes the evolution process of the natural population with N being the 

number of individuals in the population, through the processes of generate population, fitness evaluation, 
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selection, crossover, mutation, replacement, and termination check. each of these individuals is a 16-bit binary 

string that characterizes the configuration of carrier structure to regulate the output voltage. 

The fitness function is utilized to assess the quality or suitability of individuals within a  

population [18]. This assessment is pivotal in determining the reproductive success of each individual, which 

is inherently proportional to their fitness. In this research, our fitness function is THD of the output voltage 

calculated up to 30 kHz as shown in (1). 
 

𝑇𝐻𝐷 = √
∑ 𝐻𝑛

600
𝑛=2

𝐻1
 (1) 

 

Where, 𝐻𝑛 is the amplitude of the 𝑛𝑡ℎ harmonic voltage. Notably, our methodology allows for a comprehensive 

extension of the calculated frequency range to even higher frequencies. This capability enhances the scope 

providing a more versatile analytical framework. 

In this research, the method of real number encoding [19], [20] is applied to determine the optimal 

16-bit sequence that regulates the output voltage with minimal THD. Notably, the real-encoded values of 16-

bit sequences are discrete integers within the range of 0 to 216-1 = 65535. This characteristic significantly 

enhances the efficiency of the GA in identifying the optimal solution, thereby accelerating the overall 

computational process. 
 
 

 
 

Figure 4. The procedure of our proposed GA 
 

 

The linear ranking selection [21]-[23] is also applied in our algorithm to eliminate some individuals 

with lower adaptability, leading to a reduction in genetic diversity in the population and, as a result, earlier 

convergence of the minimal THD. In the process of optimizing adaptability, individuals are systematically 

organized in an ascending sequence. The individual exhibiting the highest performance is conferred with the 

rank of N, while the one demonstrating the least performance is assigned the rank of 1. It is noteworthy that 
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the probability of selection for each individual is directly commensurate with its respective rank [24]. The 

selection probability of each individual is directly proportional to its rank as shown in (2). 

 

𝑝𝑘 =
1

𝑁
[𝜂 + 2(1 − 𝜂)

𝑘−1

𝑁−1
] (2) 

 

Where, 𝑘 =  1. . 𝑁̅̅ ̅̅ ̅̅  and 0 < 𝜂 < 1. 

In addition, non-uniform mutation is used in GA to randomly alter one or more genes of each 

individual to increase structural diversity within the population. The mutation operation guarantees a non-zero 

probability of reaching any point in the search space. We defined 𝑠𝑣
𝑡 = 〈𝑣1 … 𝑣𝑚〉 is a chromosome (𝑡 is the 

generation number) and the element 𝑣𝑘 was selected for this mutation, the result is a vector 𝑠𝑣
𝑡+1 =

〈𝑣1
′ … 𝑣𝑘

′ … 𝑣𝑚
′ 〉, with 𝑣𝑘

′  calculated according to (3). 
 

𝑣𝑘
′ = {

𝑣𝑘 + ∆(𝑡, 𝑈𝐵 − 𝑣𝑘) if a random digit is 0

𝑣𝑘 − ∆(𝑡, 𝑣𝑘 − 𝐿𝐵)  if a random digit is 1
 (3) 

 

Where LB and UB are lower and upper domain bounds of the variable 𝑣𝑘 [25]. The function ∆(𝑡, 𝑦) returns a 

value in the range [0, 𝑦] such that the probability of ∆(𝑡, 𝑦) being close to 0 increases as 𝑡 increases. The ∆(𝑡, 𝑦) 

function is defined by the mathematical expression as shown in (4).  
 

∆(𝑡, 𝑦) = 𝑦 × [1 − 𝑟
(1−

𝑡

𝑇
)

𝑏

] (4) 

 

Where r is a random number in the range [0,1], 𝑇 is the maximal generation number, and 𝑏 is a system 

parameter determining the degree of dependency on iteration number [25]. The non-uniform mutation proves 

particularly well-suited for real-coded GA owing to its inherent characteristic wherein the influence of the 

mutation process diminishes over an extended runtime of the GA [26]. 

Finally, the blend crossover (BLX-α) technique [27]-[29] is applied as a GA-based method in 

exploring the search space by generating offspring’s that are a blend of the parent genes and optimizing 

complex multi-modal functions. The gene 𝑐𝑘 of the offspring chromosome is randomly selected within the 

closed interval [𝑐𝑘 , 𝑐𝑘̅] as represented in (5). 
 

𝑐𝑘 = random([𝑐𝑘 , 𝑐𝑘̅]) with 𝑐𝑘 = min(𝑎𝑘 , 𝑏𝑘) − 𝛼‖𝑎𝑘 − 𝑏𝑘‖ and 

𝑐𝑘̅ = max(𝑎𝑘 , 𝑏𝑘) + 𝛼‖𝑎𝑘 − 𝑏𝑘‖ (5) 
 

The BLX-𝛼 crossover operation (especially in the case of 𝛼 = 0.5) and linear crossover are most suitable for real-

encoded GA. These operations have the ability to generate offspring outside the domain 
[min(𝑎𝑘 , 𝑏𝑘) , max(𝑎𝑘 , 𝑏𝑘)] ensuring no potential solutions overlooked during the search process [29]. 
 

 

4. RESULTS AND DISCUSSION  

In this section, we apply the computational capabilities of MATLAB in conjunction with the PLECS 

BLOCKSET packages. These tools are utilized to execute the GA in order to identify the optimal 16-bit 

sequence. The model of power converter built in the PLECS BLOCKSET is described in Figure 5 and the 

initial parameters of GA on MATLAB are described in Table 1. 
 
 

 
 

Figure 5. The topology of a single-phase H-bridge VSI 
 
 

After successfully executing GA, the optimal 16-bit sequence of option 1 and option 2 is acquired as 

0111 1111 1000 0000 (the equivalent real-coded value is 32640) and 0011 1100 0000 0000 (the equivalent 
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real-coded value is 15360) respectively. The results of searching for individual with the optimal THD according 

to each generation of GA are shown in Figure 6. With a modulation index of 0.8, the optimal bit sequence for 

option 1 is discovered in the 18th generation where the corresponding THD values of the output voltage are 

28.8196% (considering the highest harmonic frequency of 30 kHz) and 29.5373% (considering the Nyquist 

frequency of 500 kHz). Similarly, for option 2, the optimal bit sequence is discovered in the 17th generation 

where the corresponding THD values of the output voltage are 44.66% (considering the highest harmonic 

frequency of 30 kHz) and 48.51% (considering the Nyquist frequency of 500 kHz). The rate of convergence is 

remarkably swift and by running a maximum of 80 generations on a total of 65536 cases (which constitutes a 

mere 0.122% of the search space), we successfully determine the optimal 16-bit sequence. Given this rapid 

convergence, we can confidently extend the application of GA in order to find the optimal 32-bit or 64-bit 

binary sequence with similarly efficient rate of convergence. We will then proceed to compare the performance 

of these optimal 16-bit sequences with 2 specific random 16-bit sequences. 
 

 

Table 1. Genetic algorithm parameters 
Parameters Values Parameters Values 

Population-size 10 Sequence-bit 16 

Max-generations 80 𝛼-crossover 0.5 

Max-stall-generations (the maximum number of  

generations which the GA can take) 

75 b- mutation 5 

Range [1   65535] DC-voltage-supply 200 V 

 

 

(a) 

 

(b) 

 
 

Figure 6. The statistical results of the best suited individual within the population in each generation: 

(a) the option 1 and (b) the option 2 
 
 

4.1.    Simulation results on PLECS software 

4.1.1. The option 1 

The simulation results of analyzing the output waveform of the optimal sequence and the sequence 

with the equivalent real-coded value of 65027 (arbitrary value) with a modulation index of 0.8 are shown in 

Figures 7 and 8, respectively. In Figure 7, the HSF and THD values of the harmonic spectrum are 4.9486 and 

29.5373%, respectively. Meanwhile, in Figure 8, these HSF and THD values are 5.2289 and 31.3598%, 

respectively, with HSF is determined by (6). 
 

𝐻𝑆𝐹 = √
∑ (𝐻𝑛−𝐻0)2600

𝑛=2

600
 (6) 
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Where, 𝐻0 = ∑ 𝐻𝑛
600
𝑛=2 /600 and HSF measures the effectiveness of suppressing dominant harmonics. 

The harmonic spectrum defined by the optimal sequence has better quality than the harmonic spectrum 

defined by the sequence with the arbitrary value as the ripple in the harmonic spectrum evaluated by HSF is 

smaller (4.9486<5.2289). The THD value is lower (29.5373%<31.3598%). Thus, the optimal random method 

significantly reduces acoustic noise caused by harmonics during operation. 
 
 

(a) 

 

(b) 

 

(c) 

 
 

Figure 7. Results obtained of the output voltage delineated by the optimal sequence: (a) the corresponding 

output voltage waveform, (b) the reference sinusoidal waveform and the carrier waveform, and  

(c) the harmonic spectrum 
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(a) 

 

(b) 

 

(c) 

 
 

Figure 8. Results obtained of the output voltage delineated by the sequence with the equivalent real-coded 

value of 65027: (a) the corresponding output voltage waveform, (b) the reference sinusoidal waveform and 

the carrier waveform, and (c) the harmonic spectrum 
 

 

4.1.2. The option 2 

The simulation results of analyzing the output waveform of the optimal sequence with a modulation 

index of 0.8 are shown in Figure 9. In Figure 9, the HSF and THD values of the harmonic spectrum are 10.5399 

and 48.5071%, respectively. Option 2 does not provide the same effectiveness in reducing acoustic noise as 

option 1, because significant harmonics appear in the harmonic spectrum at frequencies of 8 kHz and 16 kHz. 

Thus, this modulation method is not suitable, even though the THD value after optimization by GA is lower 

than that of the fixed-frequency method. 
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(a) 

 

(b) 

 

(c) 

 
 

Figure 9. Results obtained of the output voltage delineated by the optimal sequence: (a) the corresponding 

output voltage waveform, (b) the reference sinusoidal waveform and the carrier waveform, and (c) the 

harmonic spectrum 
 

 

4.1.3. Discussion 

The graph describing the variation of THD and HSF, as influenced by the modulation index (MI), is 

shown in Figures 10 and 11. GA-optimized RPWM exhibits lower THD compared to conventional RPWM 

and achieves better HSF, indicating improved harmonic suppression. Option 1 surpasses option 2 because there 

are no dominant harmonics in the high-frequency region in option 1. The output voltage waveform of option 1 

is symmetrical about the horizontal axis and this symmetrical waveform characteristic ensures that zero-order 
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harmonics (also known as DC components) are negligible in the harmonic spectrum. Actually, DC components 

can saturate in power transformers and it can cause vibration and audible noise in transformers. Thus, in the 

hardware experiments intended to validate the efficacy of this research, the RPWM method is exclusively 

implemented by using the option 1. 

For the reasons above, the algorithm of option 1 can be completely applied to modulate three-phase 

voltage for the control of AC motors. Subsequently, a speed control model specifically designed for squirrel-

cage induction motors is also proposed. Specifically, this model utilizes a three-phase VSI, modulated by GA-

optimized RPWM, with the input power for this system sourced from the solar panel system. This is one of the 

important applications of this algorithm for self-consumption of PV renewable energy. 

 

4.2.  Hardware experiments 

The hardware experiment utilized to validate the developed control method is shown in Figure 12. 

The LAUNCHXL-F28379D Development Kit generates control signals PWM_TOP1 and PWM_BOT1 

through pins J4-40 (GPIO0) and J4-39 (GPIO1), and PWM_TOP2 and PWM_BOT2 through pins J4-38 

(GPIO2) and J4-37 (GPIO3), supplying two EVAL-1EDI60I12AF modules via X1-B7 and X1-B8. The 

F28379D Kit also generates GND signals through J2-20 and J10-GND for the 1EDI60I12AF modules via the 

RESET Signal GND pin, provides a 3.3V ENABLE voltage through J1-1 and J5-41 via X1-B3, and a GND 

voltage through J7-62 and J10-GND via X1-A16. 
 

 

(a) 

 

(b) 

 
 

Figure 10. The variation of (a) THD and (b) HSF, as influenced by the modulation index (MI) in option 1 
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(a) 

 

(b) 

 
 

Figure 11. The variation of (a) THD and (b) HSF, as influenced by the modulation index (MI) in option 2 
 

 

 
 

Figure 12. Experimental prototype of the option 1: (1) Oscilloscope; (2) 2× DC regulated power supplies;  

(3) R-L loads (4 mH, 52 Ω); (4) LAUNCHXL-F28379D; (5) 2× EVAL-1EDI60I12AF modules 
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A laptop is used for embedded programming with the GA-optimized RPWM algorithm on Code 

Composer Studio (CCS) to load into the LAUNCHXL-F28379D kit with a sampling time of 4e-5 seconds. 

Each of two EVAL-1EDI60I12AF modules constitutes a IGBT half-bridge integrated gate driver circuit and 

by combining these modules, a H-bridge VSI configuration is established. The QJ-3005S III three-way output 

DC provides a 15 VDC voltage to generate the gate drive voltage for the IGBTs of the 1EDI60I12AF modules 

and supplies a 20 VDC voltage for modulating the output voltage via the V+HV and GND_HV pins. The 

output voltage of the two 1EDI60I12AF modules is supplied to the R-L load via two HB_OUT ports. In 

addition, the SIGLENT SDS2104X plus 4 channel digital super phosphor oscilloscope is employed for the 

purpose of observing and analyzing the output voltage signal. 

The experimental results analyzed by oscilloscope for the harmonic quality of the output voltage on 

the load (according to method 1) of the optimal sequence and the sequence with the equivalent real-coded value 

of 65027 are respectively shown in Figures 13 and 14. Figure 15 (see Appendices) shows the simulation results 

of Harmonic spectrums in logarithmic scale on PLECS to compare with the experimental results obtained on 

the previously mentioned hardware. Thus, the harmonic spectrum obtained from the experimental results 

closely matches the simulation results on PLECS software. This demonstrates the effectiveness in harmonic 

quality with low acoustic noise of the output voltage of the proposed GA-optimized RPWM method. 

 

 

  
(a) (b) 

 

Figure 13. The output voltage waveform corresponds to the (a) optimal sequence and (b) harmonic spectrum 

 

 

  
(a) (b) 

 

Figure 14. The output voltage waveform with a modulation index of 0.8 corresponds to the sequence with  

(a) the equivalent real-coded value of 65027 and (b) harmonic spectrum in logarithmic scale 
 

 

5. CONCLUSION 

In this research, the development methodology for selecting carrier structures using the RPWM 

technique is proposed. Specifically, a 16-bit binary sequence is employed, and GA are applied to determine the 

optimal modulation solution. Our approach has been empirically validated and demonstrated to be both effective 

and feasible. GA-optimized RPWM demonstrates a reduction in THD compared to conventional RPWM. 

Additionally, GA-optimized RPWM achieves better HSF, leading to effective mitigation of acoustic noise during 

the operation of systems. Among the two options considered, option 1 emerges as superior due to its absence of 

dominant harmonics in the high-frequency region. Furthermore, the output voltage waveform of the option 1 

demonstrates horizontal axis symmetry, ensuring that the 0th order harmonic is negligible in the harmonic 

spectrum. Based on the experimental results, GA-optimized RPWM is very suitable to be applied to future 

renewable energy models, especially the model of self-consumption of PV renewable energy for domestic use. 
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APPENDICES 

 

 

 
 

Figure 1. The reference sinusoidal waveform and the carrier waveform delineated by the binary sequence 

1111 1110 0000 0011 in the option 1 

 

 

 
 

Figure 2. The reference sinusoidal waveform and the carrier waveform delineated by the binary sequence 

0111 1111 1000 0000 in the option 2 
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Figure 3. The reference sinusoidal waveform and the carrier waveform delineated by the binary sequence 

1111 1110 1000 0001 in the proposal idea 
 
 

(a) 

 

(b) 

 
 

Figure 15. Harmonic spectrums on PLECS software in logarithmic scale correspond to  

(a) the optimal sequence and (b) the sequence with the equivalent real-coded value of 65027 
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