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 In this paper, a detailed comparative study about evaluating the single-phase 

inverter performance based on selective harmonic elimination pulse width 

modulation (SHE PWM) technique is presented. Set of nonlinear equations 

are derived, four groups of switching angles are calculated using the 

numerical iterative method of Newton-Raphson. These angles are 

representing the ideal solutions to eliminate the low order harmonics from 

inverter output voltage and load current. Inverter effectiveness is evaluated 

by comparing the performance based on SHE PWM and based on the 

conventional constant switching frequency PWM (CSF PWM) technique. 

Same parameters setting is selected with considering the constant switching 

frequency value for each case separately as equivalent to the number of 

switching angles. Moreover, different rated load powers are investigated to 

explain the merit of SHE PWM within high power applications. MATLAB / 

Simulink simulation results are clearly indicating the priority of the SHE 

PWM at all groups of calculated angles and at different load power as well. 
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1. INTRODUCTION  

Effective inverter is characterized by only low current total harmonic distortion (THD), and low 

switching losses for improved efficiency [1]-[3]. Pulse Width Modulation (PWM) based inverters (single 

phase and three phase) and PWM based DC-DC converters are widely constructed and used  because of the 

simplicity of the PWM drive pulses generation, whereas to have better THD level of load current, the value 

of switching frequency needs to be increased. On the other hand, high switching frequency represents a 

tradeoff within switching losses in the inverter switches and THD that leading to the difficulty to use for high 

power applications due to the switching losses limitation [4]-[8].  

So there is limitation of using constant switching frequency pulse width modulation (CSF PWM) or 

carrier modulated PWM (CPWM) like Sinusoidal PWM (SPWM) for high power applications due to the 

limitations of switching frequency and switching losses. Selective Harmonic Elimination Modulation 

(SHEM) represents one of precalculated programmed PWM (PPWM) that it represents an effective 

alternative. The principle of SHEM adopts choosing the switching angles based on the desired harmonics to 

remove from the fundamental waveform [9]. The merits of SHEM based inverter over CSFPWM based 

inverter can be briefed by lower switching losses due to the lower number of commutations of inverter’s 
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switches per reference cycle, suitability for high power applications due to the lower switching losses which 

leading to lower stress on the system’s switches, high power conversion from the DC link supply voltage due 

to the possibility of designing the working conditions of over modulation, possibility of using lower DC link 

capacitor due to the low ripple in the DC link supply current, , capability of using GTO thyristors for high 

power applications due to the lower number of switches’ commutations  per reference cycle,  canceling the 

low order harmonics removes the possibility of resonance with low frequency devices such as line filters 

[10]-[20]. 

In [10], A single phase converter is presented based using SHEM based on Unified Power Flow 

Controller (UPFC), the converter eliminates the low order harmonics of 5th 7th 11th and 13th by off line 

calculating the switching angles of 10 different modulation indices using Genetic Algorithm. The converter 

performance is evaluated by comparing with the sinusoidal PWM (SPWM) based converter, and the 

comparison demonstrated that the SHEM based converter is completely eliminated the four low order 

harmonics. For induction motors feeding three phase PWM inverter applications, harmonic elimination 

process in presented in [11] based on particle swarm optimization (PSO). Nonlinear transcendental equations 

are presented to have accurate selective harmonics elimination up to the 23rd order from the waveform of 

inverter voltage. The precise solutions are obtained after several iterations of the particle swarm algorithm 

converging process and the low order harmonics are successfully attenuated. Selective harmonic elimination 

is done in [12] based on PWM modulation technique by which the carrier waveform is modified based on a 

certain process instead of numerical process of optimization. The method is evaluated in [12] by comparing 

with carrier pulse width modulation. 

An optimum switching patterns generations presented in [13] for voltage controlled inverter 

applications. In this study, 8 notch angles are determined based on neural network method for different 

modulation indices to eliminate the low order harmonics till including the 22th harmonic. Simulation results 

confirmed the fully elimination of the mentioned harmonics. A certain SHEPWM technique is proposed in 

[14], [15] to generate PWM pulses for inverter gate driving based on Resultant method. This method solves a 

set of nonlinear equations to identify and determine the switching angles. PWM pulses are driving a full-

bridge single-phase inverter’s switches through unipolar strategy without needing of the initial guess.   

Novel five levels voltage source inverter (VSI) is presented in [16] based on SHEPWM technique. 

Set of nonlinear equations are solved to determine the switching angles through high convergence speed 

numerically process. Simulation results demonstrate the advantage of SHE PWM over the conventional 

PWM. In [17], [18], the optimization process of the differential evolution method is adopted to determine the 

optimized positions of the switching angles as an objective of SHE PWM technique whereas the concept of  

Artificial Neural Networks (ANN) is proposed in [19] to optimize the switching angles positions 

determination to be used for H-bridge inverter’s switches gates driving. 

In this paper, the SHE PWM technique angles generation and process execution are explained in 

details, and then the inverter performance effectiveness is evaluated by comparing with the conventional 

constant switching frequency PWM (CSF PWM) technique. The numerical technique of Newton-Raphson 

[20] is adopted through offline iterative process to determine different strings of angles for different 

modulation indices, all these values are saved in look-up tables (LUT) within MATLAB/Simulink program. 

The comparisons are done by analyzing load voltage and current waveforms, Total Harmonic Distortion 

(THD) as well as harmonic spectrum particularly at low order harmonics at different load power. For precise 

evaluation, the equivalent CSF PWM switching frequency is selected for each comparison individually based 

on the number of switching angle of SHE PWM technique. The analysis indicates the highly priority of SHE 

PWM over CSF PWM especially for high level of power applications. 

 

 

2. SWITCHING ANGLES DETERMINATION 

The method of Newton-Raphson is adopted to determine the positions of the single-phase H-bridge 

inverter’s switches switching angles for the aim of eliminating the low order harmonics of different angles 

strings as follows; (3th, 5th), (3th, 5th, 7th, 9th, 11th), (3th, 5th, 7th, 9th, 11th, 13th), and (3th, 5th, 7th, 9th, 

11th, 13th, 15th, 17th) at range of modulation index (MI) values. For the first string of switching angles (∅1, 

∅2, and ∅3) which will be determined by iteration method using Newton Raphson algorithm process [20], 

this process is started from Eq. (1), obtaining the set of the nonlinear equations, and then solve these 

equations set. Same process is repeated to have the other solutions of the other angles sets for extra low order 

harmonics elimination. Figure 1 shows the topology of the inverter which adopted the unipolar PWM 

strategy in order to reduce the stress on the inverter’s switches [1], [2]. For SHE PWM, Figure 2 shows the 

shape of the load voltage (VAO) which explains five switching angles.  

Due to wave symmetry quarter waveform [21]; 
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𝑉𝐴𝑂(𝜔𝑡) = ∑ 𝑏𝑛 sin(𝑛𝜔𝑡)∞
𝑛=1   (1) 

where bn= 0 for even n, whereas for odd n;  

𝑏𝑛 =  
4

𝜋
 ∫ 𝑉𝑠

𝜋

2
0

sin(𝑛𝜔𝑡) 𝑑(𝜔𝑡)  (2) 

 

 

 
 

Figure 1. H-bridge single phase inverter l 

 

 

Total Harmonics Distortion (THD) can be calculated using Eq. (3); 

𝑇𝐻𝐷 =  
√∑ 𝑉𝑛

2∞
𝑛=2

𝑉1

 

where V1 is the first fundamental component while Vn are the above harmonic components [14]. 

For the notches of the five angles of  ∅1, ∅2, ∅3, ∅4, and ∅5, which are; 0 ≤ ∅1 ≤ ∅2 ≤  ∅3 ≤  ∅4, ≤  ∅5 ≤
𝜋

2
 , 

the value of bn can be calculated as follows; 
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Due to n is odd during the analysis and the determination of bn, so 

 
[−cos(𝑛𝜔𝑡)] = 0    (6) 

 

𝑏𝑛 =  
4𝑉𝑆

𝑛𝜋
 [cos(𝑛∅1) − cos(𝑛∅2) + cos(𝑛∅3) − cos(𝑛∅4) + cos(𝑛∅5)]  (7) 

 

 

 
 

Figure 2. Selective Harmonic Elimination Pulses with Unipolar PWM strategy  
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In other words to keep only first harmonic (V1) and remove the odd multiple of it, Eq. (7) can be re-

write in Eq. (8) as shown within the nonlinear equations; 

 
4𝑉𝑠

𝜋
[𝐶𝑜𝑠(∅1) − 𝐶𝑜𝑠(∅2) + 𝐶𝑜𝑠(∅3) − 𝐶𝑜𝑠(∅4) + 𝐶𝑜𝑠(∅5)] =  𝑉1  

𝐶𝑜𝑠(3∅1) − 𝐶𝑜𝑠(3∅2) + 𝐶𝑜𝑠(3∅3) − 𝐶𝑜𝑠(3∅4) + 𝐶𝑜𝑠(3∅5) =  0 

𝐶𝑜𝑠(5∅1) − 𝐶𝑜𝑠(5∅2) + 𝐶𝑜𝑠(5∅3) − 𝐶𝑜𝑠(5∅4) + 𝐶𝑜𝑠(5∅5) =  0 

𝐶𝑜𝑠(7∅1) − 𝐶𝑜𝑠(7∅2) + 𝐶𝑜𝑠(7∅3) − 𝐶𝑜𝑠(7∅4) + 𝐶𝑜𝑠(7∅5) =  0 

𝐶𝑜𝑠(9∅1) − 𝐶𝑜𝑠(9∅2) + 𝐶𝑜𝑠(9∅3) − 𝐶𝑜𝑠(9∅4) + 𝐶𝑜𝑠(9∅5) =  0  (8) 

 

Initial angles of a single-phase unipolar SHE PWM inverter based on [22]: 

 

∅𝑘 =
180 ×𝑘 

2𝑁+1
  (9) 

 

where k = 1, 2, 3, …. N; and N: number of angles, the initial value of the five angles is as shown below 

whereas the solutions of these angles based on Newton-Raphson Method [20] through five iteration process 

for different modulation indices are shown in Table 1; 

 

∅0
1 = 16.36ᵒ, ∅0

2 = 32.73ᵒ, ∅0
3 = 49.1ᵒ, ∅0

4 = 65.45ᵒ, ∅0
5 = 81.8ᵒ 

 
Figure 3 shows four strings of angles which represent as a selective harmonics elimination solution 

at different modulation indices. 

 

 
Table 1. Angle solutions for harmonics elimination based on Newton-Raphson Method 

MI ∅1 ∅2 ∅3 ∅4 ∅5 

0.01 29.9249 30.0749 59.8699 60.1297 89.8500 

0.035 29.7295 30.2543 59.5416 60.4511 89.4749 

0.10 29.2308 30.7287 58.6819 61.2807 88.4983 

0.15 28.8396 31.0830 58.0115 61.9109 87.7447 

0.20 28.4385 31.4228 57.3295 62.5310 86.9873 
0.25 28.0310 31.7500 56.6367 63.1421 86.2248 

0.30 27.6172 32.0631 55.9321 63.7437 85.4557 

0.35 27.1975 32.3604 55.2143 64.3347 84.6779 
0.40 26.7718 32.6396 54.4818 64.9137 83.8892 

0.45 26.3401 32.8983 53.7327 65.4787 83.0866 

0.50 25.9024 33.1333 52.9645 66.0266 82.2666 
0.55 25.4581 33.3408 52.1744 66.5535 81.4241 

0.60 25.0067 33.5160 51.3586 67.0530 80.5523 

0.65 24.5473 33.6530 50.5122 67.5161 79.6413 
0.70 24.0785 33.7436 49.6289 67.9281 78.6760 

0.75 23.5980 33.7772 48.6998 68.2649 77.6321 

0.80 23.1019 33.7381 47.7118 68.4834 76.4669 
0.85 22.5835 33.6015 46.6433 68.4980 75.0978 

0.90 22.0275 33.3203 45.4513 68.1123 73.3370 

0.95 21.3880 32.7667 44.0129 66.7463 70.6403 

1.00 20.3455 31.1286 41.5084 61.5168 64.4158 

 

 

3. COMPARATIVE SIMULATION RESULTS 

The four angles strings are saved in look up tables LUT of MATLAB/ Simulation to be used with a 

suitable logic combination to generate the PWM pulses at the mentioned angles that to execute the Selective 

Harmonic Elimination PWM (SHE PWM) technique. To evaluate the SHE PWM based inverter 

performance, Total Harmonics Distortion (THD), and harmonics spectrum of the load voltages are compared 

with the counterparts of Constant Switching Frequency PWM (CSF PWM) based inverter at all of the angles 

strings separately considering the same number of switching angle for each case. Table II shows the inverter 

parameters including the switching frequencies. 
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Table 2. Inverter setting parameters 
Parameter SHE PWM Based Inverter CSF PWM Based Inverter 

DC link Voltage (V) 350 V 350 V 

Load 12 Ω 12 Ω 
Rated Power  5 kW 5 kW 

Modulation Index (MI) 0.9 0.9 

L-Filter 12 mH 12 mH 
1st Comparison  ∅1, ∅2, ∅3 fSW = 300 Hz 

2nd Comparison  ∅1, ∅2, ∅3,  ∅4, ∅5 fSW = 500 Hz 

3rd Comparison  ∅1, ∅2, ∅3,  ∅4, ∅5,  ∅6, ∅7 fSW = 700 Hz 

4th Comparison  ∅1, ∅2, ∅3,  ∅4, ∅5,  ∅6, ∅7,  ∅6, ∅7 fSW = 900 Hz 

 

 

Figure 3 shows the comparison of the inverter output voltage with its Fast Fourier Transform FFT 

analysis of the harmonics spectrum between the SHE PWM and the CSF PWM of the constant switching 

frequencies as explained in Table II. From Figure 3, the low order harmonics elimination is clearly noticeable 

with respect to the designed angles of SHE PWM compared to the undesirable low order harmonics using 

CSF PWM. More over, the higher values of the voltage fundamentals are demonstrated using SHE PWM. 

Figure 4 summarizes the comparison in term of inverter voltage shape with FFT analysis using 

Table II parameters setting. Figure 4 clearly demonstrates the priority of the harmonic elimination technique 

comparing to the conventional sinusoidal PWM technique. 

Figure 5 add other explanation of the simulation results in term of THD% levels and the 

fundamental voltage level through which the advantages of using SHE PWM are also shown. 

Figure 6 shows load currents waveforms with FFT comparison at modulation index MI=0.9 for the 

case of SHE PWM of nine angles and CSF PWM of 900 Hz constant switching frequency, Figure 6 

demonstrates the data of 5 kW rated power load current waveforms through which the effectiveness of SHE 

PWM over CSF PWM is shown in term of THD and fundamental current levels. 

Figure 7 demonstrates the positive effect and the priority of using SHE PWM in term of 

fundamental current component and THD % levels for high power applications. Inverter performance is 

explained during increasing the load power, and the technique of SHE PWM is preferred to use fdue to the 

low switching losses through the lower number of switches commutations per fundamental period [1] 

 

 

  
(a) 

 

 

(b) 

 

 

  
(c) 

 

(d) 

 

Figure 3. Four strings of angles as a selective harmonics elimination solution at different modulation indices; 

(a) Three angles, (b) Five angles, (c) Seven angles, (d) Nine angles 
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SHE PWM (3 Angles)  CSF PWM (fs = 300 Hz) 

 

 
 SHE PWM (5 Angles)  CSF PWM (fs = 500 Hz) 

 

 
SHE PWM (7 Angles)  CSF PWM (fs = 700 Hz) 

 

 
SHE PWM (9 Angles) CSF PWM (fs = 900 Hz) 

 

Figure 4. Inverter performance comparison in term of output voltage shape, harmonic spectrum, THD level, 

and fundamental component values; SHE PWM (left side), and CSF PWM (right side) 
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(a) (b) 

 

Figure 5. Comparison between SHE PWM and CSF PWM based inverter performance term;  

(a) Inverter Voltage THD% levels, (b) Fundamental voltage levels 

 

 

 
 

 
SHE PWM (9 Angles)  CSF PWM (fs = 900 Hz) 

 

Figure 6. Inverter performance comparison in term of load current, and harmonic spectrum  

 

 

 
 (a)  (b) 

 

Figure 7. Inverter performance comparison at different load power in term; 

(a) Fundamental current component, (b) THD % levels 
 

 

4. CONCLUSION 

Complete steps of SHE PWM solutions generation and single-phase unipolar inverter function 

investigation with performance effectiveness evaluation based on SHE PWM, and comparing with CSF 

PWM based inverter all are presented in this paper. Four groups of angles are generated by deriving sets of 

nonlinear equations and then different strings of angles for different modulation indices are determined using 

the five-iteration numerical method of Newton-Raphson, the collected angles are plotted and the effects are 

analyzed. MATLAB/Simulink is used to save these angles in look-up tables (LUT) and with a suitable logic 

combination; SHE PWM pulses are generated to drive the inverter switches. The inverter output voltage and 

load current through L-filter are evaluated by the comparison with the counterpart of CSF PWM in term of 
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harmonic spectrum, fundamental component, low order harmonic components levels and THD levels. Based 

on the number of generated switching angles, the constant switching frequency of CSF PWM is fairly 

selected such as 300 Hz for the case of three angle whereas 900 Hz for the case of nine angles.  The collected 

simulation results are demonstrated the merits of SHE PWM over CSF PWM and clearly explained for the 

case of load power increasing that to provide a suitable reference study which indicate the positive effect of 

SHE PWM for high power applications. 
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