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 Multilevel inverters (MLIs) offer numerous advantages, such as low voltage 

stresses on power switches, low switching losses, and high efficiency. 

Switching angles applied to MLI must be selected carefully to generate an 

output voltage waveform with low total harmonic distortion (THD). This 

paper proposes an improved algorithm to determine the switching angles with 

low THD for MLI. The proposed algorithm has been implemented using a 

MATLAB script to compute a set of switching angles with low THD from 3- 

to 31-level cascaded H-bridge MLI (CHBMLI). A PSIM simulation model 

has been developed to validate the switching angles and the corresponding 

THDs obtained from the MATLAB script. An experimental prototype has also 

been developed to validate the simulation results. The results obtained from 

the MATLAB script, the PSIM simulation, and the experimental measurement 

are in good agreement. 
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1. INTRODUCTION 

Multilevel inverters (MLIs) have gained popularity in medium-to-high voltage and power  

applications [1]. It offers several advantages, such as low voltage stresses on power switches, low switching 

losses, and high efficiency [2]-[7]. Many MLI topologies have been reported in the literature, such as neutral 

point clamped MLI, flying capacitor MLI, cascaded H-bridge MLI, switched capacitor MLI, E-cell MLI, and 

T-type MLI [8]-[11]. Among these MLI topologies, cascaded H-bridge MLI (CHBMLI), which has a better 

modular structure, is therefore more versatile and has been applied in many applications [12]. 

Switching angles applied to MLI must be carefully selected in order to obtain an output voltage 

waveform with low total harmonic distortion (THD). Selective harmonic elimination pulse width modulation 

(SHEPWM) is one of the switching-angle calculation techniques. In SHEPWM, a set of non-linear transcendental 

equations is required to be solved simultaneously [13]-[15]. Several techniques can be used to solve these 

equations such as Newton-Raphson (NR) method, genetic algorithm (GA), and particle swarm optimization 

(PSO) [16]-[20]. Although SHEPWM is able to eliminate selected undesired harmonics, it may not guarantee to 

obtain a low THD. 

Espinosa [21] proposes an algorithm to determine the minimal THD. However, only up to 15-level MLI 

results are presented. For applications that require lower THD operations, MLI with a higher number of output 

voltage levels is desired [22]. Luo [23] presents the minimal THD results up to 31-level MLI. However, the 

algorithm to obtain those results is not described. To bridge the gap, this paper aims to extend the work proposed 
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in [21] up to 31-level MLI. As will be pointed out in section 3, the algorithm presented in [21] requires a very 

high computational time when the number of output voltage levels is high. To address the aforementioned 

drawback, an improved algorithm is proposed in this work. The results will be compared to those obtained in [21] 

and [23]. Besides, the results will also be validated through simulation and experiment. 

 

 

2. CASCADED H-BRIDGE MULTILEVEL INVERTER 

CHBMLI can be constructed using a combination of dc sources and power switches [24]. Figure 1 

illustrates an 11-level CHBMLI. Each basic cell module consists of one dc source and four power switches. 

The CHBMLI can be easily extended to a higher number of output voltage levels by adding more series-

connected basic cell modules. By way of example, a 21-level CHBMLI can be achieved with an additional five 

series-connected basic cell modules. 

Assume that all dc sources with similar voltage ratings are used in Figure 1 (Vdc1 = Vdc2 = Vdc3 = 

Vdc4 = Vdc5 = Vdc). Table 1 summarizes the switching states to generate an output voltage waveform of an 

11-level CHBMLI [25]. Note that “1” indicates that the power switches are in the ON state, while “0” indicates 

that the power switches are in the OFF state. 

Figure 2 shows the output voltage waveform of the 11-level MLI. A set of switching angles, denoted 

as α1, α2, α3, α4, and α5, are required to generate the voltage waveform. It is important that the switching angles 

need to be selected properly in order to obtain an output voltage waveform with low THD. 
 

 

 
 

Figure 1. 11-level CHBMLI 
 

 

Table 1. Output voltage and corresponding switching states of 11-level CHBMLI 

Output voltage (Vout) 
Power switches 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20 

+5Vdc 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 

+4Vdc 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 1 0 0 
+3Vdc 1 0 0 1 1 0 0 1 1 0 0 1 1 1 0 0 1 1 0 0 

+2Vdc 1 0 0 1 1 0 0 1 1 1 0 0 1 1 0 0 1 1 0 0 

+Vdc 1 0 0 1 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 
0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 

-Vdc 0 1 1 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 

-2Vdc 0 1 1 0 0 1 1 0 1 1 0 0 1 1 0 0 1 1 0 0 
-3Vdc 0 1 1 0 0 1 1 0 0 1 1 0 1 1 0 0 1 1 0 0 

-4Vdc 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 1 1 0 0 

-5Vdc 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 
Note: “1” indicates ON state and “0” indicates OFF state 

 

 

 
 

Figure 2. Output voltage waveform of 11-level MLI 
 

 

3. PROPOSED IMPROVED ALGORITHM 

As stated in section 1, Espinosa [21] proposes an algorithm to determine the switching angles with 

low THD for MLI. The algorithm evaluates the THDs of a series of switching-angle set (e.g. a1, a2, a3, ..., ak). 
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It is worth to note that the switching angles must fulfil the condition of 0 < 𝛼1 < 𝛼2 <. . . < 𝛼𝑘 <
𝜋

2
, where k 

is the number of switching angles. Figure 3 shows the flowchart of the algorithm presented in [21]. One of the 

key parameters in the algorithm is the increment (INC) steps, and in [21], the INC steps are set as 6°, 1°, and 

0.1°. 
 

 

 
 

Figure 3. Flowchart of [21] algorithm 
 
 

While the algorithm is able to determine the switching angles with low THD, only THDs up to 15-

level are reported in [21]. Since a higher number of output voltage levels is required to generate an output 

voltage waveform with lower THD, it is worthwhile to extend the work in [21] to higher numbers of output 

voltage levels. However, the algorithm proposed by [21] can be very time-consuming when applied to calculate 

the THD for higher number of output voltage levels. 

To address the aforementioned limitation, an improved algorithm is proposed in this paper. Instead of 

using INC: 6°, 1°, and 0.1°, the proposed algorithm uses new INC steps, which are 14°, 6°, 2°, 1°, 0.8°, 0.4°, 

0.2°, and 0.1°, to calculate the THDs of up to 31-level MLI. In this work, the THDs are computed using (1). 
 

THD =
√𝜋2𝑘2

8
−
𝜋

4
∑ (2i+1)𝛼i+1
k-1
i=0 −(∑ 𝑐𝑜𝑠(𝛼𝑖)

𝑘
i=1 )

2

∑ 𝑐𝑜𝑠(𝛼𝑖)
𝑘
i=1

 (1) 

 

The pseudo code of the proposed algorithm is shown in Table 2. As can be seen in the table, THDmin is 

the minimal THD, THDcalc is the calculated THD, αi is the i-th switching angle, αi(new) is the new i-th switching 

angle that results in minimal THD, αi(UL) is the i-th upper switching angle limit, and αi(LL) is the i-th lower 

switching angle limit. At the first run of the algorithm, the THDmin is set to 100%. For each loop in the first run, 

a set of switching angles is obtained and is used to calculate the THD using (1). The THDcalc is then compared 

with the THDmin, and the lower THD value will be selected as the new THDmin at the end of the first run, the 

switching-angle (αi(new)) set that results in the minimum THD will be selected. The new upper and lower limits 

of switching angles are then computed using (2) and (3), respectively. Note that the obtained upper and lower 

limits of the switching angles will be used as the boundary of each switching angle in the following run. 

 

𝛼𝑖(UL) = 𝛼𝑖(new) +
INC

2
 (2) 

 

𝛼𝑖(LL) = 𝛼𝑖(new) −
INC

2
 (3) 

 

 

Table 2. Pseudo code for proposed algorithm 
No. Proposed improved algorithm  No. Proposed improved algorithm 

1. Initialize THDmin, αi(LL), αi(UL)  6. THDmin = THDcalc and αi(new) = αi 

2. For INC = [14° 6° 2° 1° 0.8° 0.4° 0.2° 0.1°]  7. End If 
3. For αi = αi(LL) : INC : αi(UL)  8. End For 

4. Calculate THDcalc  9. Calculate αi(LL) and αi(UL) 

5. If THDcalc < THDmin  10. End For 

Start

THDmin ← 100

a1 ← a1(LL)

a1 < a1(UL)?

a1 ← a1 + INC

a2 ← a1

a2 ← a2 + INC

a3 ← a2

ak < ak(UL)?

ak ← ak + INC

THDcalc  ← THD

THDmin ← THDcalc

a1(new) ← a1

a2(new) ← a2

...

ak(new) ← ak

Yes

Yes

Yes

THDcalc < THDmin?

Yes

End

a2 < a2(UL)?

No

No

No

No



Int J Pow Elec & Dri Syst  ISSN: 2088-8694  

 

Determination of minimal total harmonic distortion for single-phase multilevel … (Quan Ming Wong) 

1665 

4. RESULTS AND DISCUSSIONS 

The proposed algorithm has been implemented using a MATLAB script and is executed on a computer 

with the following specifications: Intel Core i7 3rd Gen, 3.40 GHz CPU, and 16 GB of RAM. Table 3 compares 

the total number of THD calculations and computational time for 3- to 31-level MLI using the [21] algorithm 

(denoted as MESP) and the proposed algorithm (denoted as PROPOSED). Figure 4 shows the graph of total 

number of THD calculations and computational time against the number of output voltage levels. Note that 

TN-MESP, TN-PROPOSED, CT-MESP, and CT-PROPOSED in Figure 4 represent the total number of THD 

calculations using the MESP method, total number of THD calculations using the PROPOSED method, 

computational time using the MESP method, and computational time using the PROPOSED method, 

respectively. As can be observed in Figure 4, as the total number of THD calculations increases, the 

computational time of the MESP method increases drastically, especially from 21- to 25-level. As shown in 

Table 3 and as will be shown in Table 4, the PROPOSED method requires less than 2 seconds to obtain the 

minimal THD for 25-level, while the MESP method requires more than 3 days. The computational times for 

27- to 31-level are not provided because 27-level, for example, is expected to take 32 days to complete the 

computation, while 29- and 31-level are respectively estimated to take 10 and 100 times that of 27-level. Hence, 

these computations, which are deemed impractical to implement, are not carried out in this work. 

 

 

Table 3. Total number of THD calculations and computational time for 3- to 31-level MLI  

using MESP and PROPOSED methods 

m 
Total number of THD calculations Computational time (s) 

MESP Proposed MESP Proposed 

3 33 28 0.01 0.01 

5 290 93 0.02 0.02 
7 2,354 291 0.02 0.02 

9 20,102 860 0.03 0.03 

11 189,486 2,652 0.06 0.04 
13 1,916,342 7,862 0.32 0.05 

15 20,388,234 26,700 2.15 0.05 

17 217,856,543 62,499 20.49 0.11 
19 2,381,504,315 214,478 217.66 0.14 

21 26 billion 571,143 2465.25 0.17 

23 286 billion 2,104,852 29068.22 0.40 
25 3.142 trillion 6,651,704 282044.23 1.09 

27 Estimated to be more than 34 trillion 17,666,992 Estimated to be more than 32 days 2.78 

29 44,271,908 7.43 
31 115,420,731 21.41 

 

 

Table 4 compares the switching-angle sets and their corresponding THD for 3- to 31-level MLI 

obtained using MESP, algorithm in [23] (denoted as MFLL), and PROPOSED methods. As shown in the table, 

the PROPOSED method can obtain a THD that is the same or lower than the MESP (from 3- to 25-level) and 

MFLL (from 3- to 31-level) methods. Besides, it is worth to point out that the MESP method cannot always 

guarantee to obtain minimal THD. By way of example, for 21-level MLI, the PROPOSED method obtains a 

THD of 3.78722 %, which is similar to the MFLL method (3.78734 %), while the THD of MESP is 4.32258 

%, which is much higher than the MFLL method as well as the PROPOSED method. Table 5 shows the THDs 

and the THD difference between each adjacent level from 3- to 31-level MLI computed from the proposed 

algorithm. The THD difference is computed using (4). 
 

THDdiff = THDm-2 − THD𝑚; 𝑚 ≠ 3 (4) 
 

where THDdiff is the THD difference between each adjacent level, and THDm and THDm-2 are the THD of m 

and (m-2) number of output voltage levels, respectively. As can be observed in Table 5, the THD difference 

between each adjacent level decreases gradually as the number of output voltage levels increases. By way of 

example, the THD is reduced by 12.54220 % when the number of output voltage levels increases from 3- to 5-

level, and the THD is reduced by 0.17647 % when the number of output voltage levels increases from 29- to 

31-level. With the aid of MATLAB curve fitting tool, the relationship between the estimated minimal THD 

(THDest) and the number of output voltage levels (m), can be estimated using (5). 

 

THDest = 72.40𝑒−0.45𝑚 + 11.15𝑒−0.05272𝑚 (5) 
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Figure 5 compares the THD data points used for the curve fitting and the THDs computed using (5), 

while the goodness of fit of the curve fitting are summarized in Table 6. As shown in the table, (5) has the 

following goodness of fit: SSE = 0.4655, R-square = 0.9993, adjusted R-square = 0.9992, and RMSE = 0.2057. 

A PSIM simulation model has been developed to validate the switching angles and the corresponding 

THDs obtained from the MATLAB script. Besides, an experimental prototype has also been developed to 

validate the simulation results. Figure 6 shows the experimental setup for an 11-level CHBMLI. The dc source 

voltages and the resistive load used in both simulation and experimental setup are 10 V and 50 Ω, respectively. 

The simulation and experimental results of the output voltage waveform and the harmonic spectrum for the 11-

level CHBMLI are shown in Figure 7 and Figure 8, respectively. 

The theoretical (theo) (obtained from MATLAB script), simulation (sim), and experimental (exp) 

THD and fundamental voltage (V1) for 7-, 9-, and 11-level CHBMLI are summarized and compared in 

Table 7. The percentage errors for THD and V1 between the theoretical and simulation results, and the 

simulation and experimental results are also summarized and compared in the table. As can be seen in the table, 

the percentage errors for both THD and V1 are less than 1%, suggesting that the theoretical, simulation, and 

experimental results are in good agreement. 

 

 

Table 4. Switching-angles sets and corresponding THD for 3- to 31-level MLI  

using MESP, MFLL, and PROPOSED methods 

m Methods THD (%) 
Switching angles (º) 

α1 α2 α3 α4 α5 α6 α7 α8 α9 α10 α11 α12 α13 α14 α15 

3 MESP 28.96359 23.2               

MFLL 28.96359 23.2               

PROPOSED 28.96359 23.2               
5 MESP 16.42139 12.8 41.8              

MFLL 16.42139 12.8 41.8              

PROPOSED 16.42139 12.8 41.8              
7 MESP 11.53016 8.9 27.6 50.5             

MFLL 11.53016 8.9 27.6 50.5             

PROPOSED 11.53016 8.9 27.6 50.5             
9 MESP 8.90240 6.8 20.8 36.2 55.8            

MFLL 8.90240 6.8 20.8 36.2 55.8            

PROPOSED 8.90240 6.8 20.8 36.2 55.8            
11 MESP 7.25726 5.5 16.7 28.6 42.1 59.5           

MFLL 7.25726 5.5 16.7 28.6 42.1 59.5           

PROPOSED 7.25726 5.5 16.7 28.6 42.1 59.5           
13 MESP 6.12902 4.6 13.9 23.7 34.2 46.3 62.1          

MFLL 6.12909 4.6 14.0 23.7 34.2 46.3 62.2          

PROPOSED 6.12902 4.6 13.9 23.7 34.2 46.3 62.1          
15 MESP 5.30621 4.0 12.0 20.3 29.0 38.6 49.7 64.3         

MFLL 5.30621 4.0 12.0 20.3 29.0 38.6 49.7 64.3         

PROPOSED 5.30621 4.0 12.0 20.3 29.0 38.6 49.7 64.3         
17 MESP 4.67937 3.5 10.5 17.7 25.2 33.2 42.0 52.3 65.9        

MFLL 4.67937 3.5 10.5 17.7 25.2 33.2 42.0 52.3 65.9        

PROPOSED 4.67937 3.5 10.5 17.7 25.2 33.2 42.0 52.3 65.9        
19 MESP 4.18606 3.1 9.4 15.7 22.3 29.2 36.7 44.9 54.5 67.3       

MFLL 4.18610 3.1 9.4 15.8 22.3 29.2 36.7 44.9 54.5 67.3       
PROPOSED 4.18606 3.1 9.4 15.7 22.3 29.2 36.7 44.9 54.5 67.3       

21 MESP 4.32258 2.9 8.8 14.7 20.9 27.3 34.0 41.5 49.8 59.9 78.5      

MFLL 3.78734 2.8 8.5 14.2 20.1 26.2 32.6 39.5 47.3 56.4 68.5      

PROPOSED 3.78722 2.8 8.5 14.2 20.1 26.2 32.6 39.6 47.3 56.4 68.6      

23 MESP 3.45807 2.6 7.7 12.9 18.2 23.7 29.4 35.4 42.0 49.3 57.9 69.5     

MFLL 3.45809 2.6 7.7 12.9 18.2 23.7 29.4 35.4 42.0 49.3 58.0 69.5     
PROPOSED 3.45806 2.6 7.7 12.9 18.2 23.7 29.4 35.5 42.0 49.3 58.0 69.6     

25 MESP 3.18205 2.3 7.1 11.8 16.7 21.6 26.8 32.2 37.9 44.1 51.1 59.3 70.4    

MFLL 3.18205 2.3 7.1 11.8 16.7 21.6 26.8 32.2 37.9 44.1 51.1 59.3 70.4    
PROPOSED 3.18205 2.3 7.1 11.8 16.7 21.6 26.8 32.2 37.9 44.1 51.1 59.3 70.4    

27 MESP                 

MFLL 2.94672 2.2 6.5 10.9 15.4 19.9 24.6 29.5 34.6 40.1 46.0 52.7 60.6 71.2   
PROPOSED 2.94672 2.2 6.5 10.9 15.4 19.9 24.6 29.5 34.6 40.1 46.0 52.7 60.6 71.2   

29 MESP                 

MFLL 2.74431 2.0 6.1 10.1 14.3 18.5 22.8 27.2 31.9 36.8 42.0 47.7 54.1 61.7 71.9  
PROPOSED 2.74431 2.0 6.1 10.1 14.3 18.5 22.8 27.2 31.9 36.8 42.0 47.7 54.1 61.7 71.9  

31 MESP                 

MFLL 2.56785 1.9 5.7 9.5 13.3 17.2 21.2 25.3 29.6 34.0 38.7 43.7 49.2 55.3 62.6 72.5 
PROPOSED 2.56784 1.9 5.7 9.5 13.3 17.2 21.2 25.3 29.6 34.0 38.7 43.7 49.2 55.3 62.7 72.6 
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Table 5. THDs and THD differences between each adjacent level for 3- to 31-level MLI 

using PROPOSED method 
m THD (%) THDdiff (%) m THD (%) THDdiff (%) m THD (%) THDdiff (%) 

3 28.96359  13 6.12902 1.12824 23 3.45809 0.32913 

5 16.42139 12.54220 15 5.30621 0.82281 25 3.18205 0.27604 

7 11.53016 4.89123 17 4.67937 0.62684 27 2.94672 0.23533 
9 8.90240 2.62776 19 4.18606 0.49331 29 2.74431 0.20241 

11 7.25726 1.64514 21 3.78722 0.39884 31 2.56784 0.17647 

 

 

Table 6. Goodness of fit for curve fitting of (5) 
Statistical Analysis SSE R-square Adjusted R-square RMSE 

Values 0.4655 0.9993 0.9992 0.2057 

 

 

 
 

 

Figure 4. Total number of THD calculations and 

computational time for 3- to 31-level MLI  

using MESP and PROPOSED methods 

 

Figure 5. Fitted curve plot for minimal THD 

 

 

 
 

Figure 6. Experimental setup for 11-level CHBMLI 
 

 

  
(a) (b) 

 

Figure 7. Output voltage waveforms for 11-level CHBMLI: (a) simulation and (b) experiment 
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(a) (b) 

 

Figure 8. Harmonics spectrum of output voltage waveform for 11-level CHBMLI:  

(a) simulation and (b) experiment 

 

 

Table 7. Comparison of percentage error between theoretical, simulation and experimental results 
m THD (%) V1 (V) 

THDtheo THDsim THDexp % Error V1_theo V1_sim V1_exp % Error 
THDtheo vs THDsim THDsim vs THDexp V1_theo vs V1_sim V1_sim vs V1_exp 

|
THDtheo − THDsim

THDtheo

|

× 100 

|
THDsim − THDexp

THDsim

|

× 100 

|
𝑉1_theo − 𝑉1_sim

𝑉1_theo
|

× 100 

|
𝑉1_sim − 𝑉1_exp

𝑉1_sim
|

× 100 

7 11.53016 11.53023 11.60 0.0006 0.6051 31.96 31.96 31.75 0.00 0.6571 

9 8.90240 8.90245 8.90 0.0006 0.0275 41.98 41.98 41.66 0.00 0.7623 

11 7.25726 7.25642 7.20 0.0116 0.7775 51.96 51.96 51.58 0.00 0.7313 

 

 

5. CONCLUSION 

This paper proposes an improved algorithm to determine the switching angles with low THD for MLI. 

The proposed algorithm has been implemented using a MATLAB script to determine a set of switching angles 

with low THD for 3- to 31-level CHBMLI. The comparative analysis concludes that the proposed algorithm 

significantly reduces the total number of THD calculations and the computational time compared to those of 

MESP method. A PSIM simulation model has been developed to validate the switching angles and the 

corresponding THDs obtained from the MATLAB script. An experimental setup has also been developed to 

validate the simulation results. The theoretical, simulation, and experimental results are in good agreement. 
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