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Abstract 
Multilevel inverters became special attention in power electronics. The advantage of multilevel inverters is several levels 
of DC voltages are synthesized into a desired sinusoidal waveform. There are many topologies existed in literature like 1) 
Diode-clamped multilevel inverter, 2) Flying capacitor multilevel inverter, and 3) Cascaded multilevel inverter. First two 
topologies have a disadvantage of more number of components and gate driver circuits. This will lead to increase in losses 
and the total harmonic distortion is also more. So the quality of power is reduced. To overcome these drawbacks cascaded 
multilevel topology has been developed which is having less number of components and gate driver circuits. Thereby 
losses and THD (Total Harmonic Distortion) reduces and quality of power increases. The developed topology is analyzed 
for 11-level by using Phase Opposition Sinusoidal Pulse Width Modulation (PO-SPWM) Technique and also compared 
with novel SHE(Selective Harmonic Elimination) technique in terms of THD and quality of power for different 
modulation indices. The work is carried with MATLAB 2017b version. 
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Introduction 
An inverter can convert the dc power to ac power. If conversion efficiency of the inverter is more, the quality of power 
conversion from dc to ac is also more. To increase the quality of power needed to decrease the losses. To reduce the losses 
number of components has to reduce. For this many topologies have developed. Further, the topologies are controlled by 
different PWM techniques and modulation index are stated in [1]-[11]. Some of them discussed briefly. Kahwa [12] et.al. 
has developed a new topology with less number of components without changing the advantages of the basic H-bridge 
inverter using SPWM technique. The THD is less but the complexity of the circuit increases. Gowrishankar and Edward 
[13][14] has developed symmetrical and asymmetrical multilevel inverters with respect to equal and unequal dc voltage 
sources using phase disposition PWM technique for 15-level and also developed 31-level cascaded inverter with unequal 
DC sources with low-frequency pulse width modulation. J.Lakwal and Dubey [15] has developed a single phase 
multilevel inverter for the application of PV system with DC sources having unequal magnitude using Super Imposed 
Carrier Pulse Width Modulation Technique. Ehsan Najafi[16][17] et.al, has developed a topology with reversing the 
voltage across a component to improve the inverter performance. It is operated at high and low switching frequencies; the 
control technique used is Phase Disposing-Sinusoidal Pulse Width Modulation. Gui-Su [18] has developed a topology 
containing multilevel cell unit with DC source and an inverter bridge connected through a DC-link. The levels of DC 
voltage are synthesized to the desired sine wave with or without performing the PWM technique. The multi-cell unit 
contains the number of components and the losses become more. Vraj Shah and Jariwala has developed two topologies, 
topology-I only discussed 7, 9 &11 levels and topology-II for 19-level using direct pulse modulation technique. The 
drawback is the complexity of the circuit is more, capacitors are used which is more costly. Armi, Faouzi, Lazhar Manai, 
and Mongi Besbes [21] have given the Selective Harmonic Elimination algorithm for harmonic elimination. Sanka and 
Machineni [22] have discussed recent progress on multilevel inverters and its applications. 
The proposed work gives the comparison of THD for PO-SPWM (at 10 KHZs) and SHE (at 50 HZs) techniques for 
different modulation indices. 
Eleven Level Cascaded Inverter 
The principle of inverter is to convert direct voltage/power to alternating voltage/power. The conversion efficiency of the 
inverter is more than 96%. Still the conversion efficiency can be increased by improving the design of inverter and control 
strategy. Fig 1 shows the block diagram for the inverter and its classification. The advantages and disadvantages of the 
diode-clamped, flying capacitor and cascaded multilevel inverters are discussed in [18][21]. All the structures are 
containing more number of components; the losses are more the efficiency of the inverter is decreased, to achieve better 
output voltage and THD decrease the switching components or change the Modulation Index (MI) in the range of zero to 
one. 
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Fig 1: Different Topologies of Multilevel Inverters. 
(a) Cascaded full-bridge cell 11-level inverter 

Fig 2: Cascaded Full-Bridge 11 Level Multilevel Inverter 
 
The schematic diagram for the eleven-level cascaded full-bridge inverter is shown in Fig 2. The number of full-bridge 
cells used is (m-1)/2 =5, where m indicates the number of output voltage levels. Each cell contains four MOSFETs and 
one DC source. The source voltage is equal in magnitude taking 100V each. The switching frequency of MOSFET is 10 
KHz and a resistive load of 100 ohms is considered. Switching pulses are generated by Sinusoidal Pulse Width 
Modulation and Selective Harmonic Elimination techniques. 
 
Switching Techniques 
Eleven Level Cascaded Inverter With PO-SPWM Technique 
The SPWM technique contains multiple carrier waves (saw tooth) and reference (sinusoidal) wave. Whenever the carrier 
wave cuts the reference wave pulses will be generate. The magnitude of the pulses will be depending on the reference 
wave and also on the range of modulation index. Fig 3 shows the block diagram of SPWM technique for cascaded H-
bridge inverter. 

 
Fig 3: Block Diagram of SPWM Technique for Cascaded H-Bridge Inverter. 
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Fig 4 shows the ten carrier waves and one reference wave for 11 level generation using SPWM technique. As we know 
the SPWM technique will give unequal widths and magnitudes of pulse rather than equal magnitudes and widths. The 
distortion of magnitude and widths will give the less  harmonic distortion. 

 
Fig 4: Carrier Waves and Reference Waves for 11 Level Generation PO-SPWM. 

 
Modulation Index (MI) is defined as the ratio of Vr to Vc and it controls the triggering pulses of the gate driver circuit of 
cascaded MLI. Where Vr is reference voltage and Vc is carrier voltage amplitudes. In general, MI is considered between’ 
0’ to ‘1’; here MI is assigned to a range of 0.166 to 1. 
 

Fig 5: Generation of Pulses for 11 Level Inverter using PO- SPWM Technique 
 
Fig 5 gives the pulses for the 11 level cascaded multilevel inverter, the levels are +1V, +2V, +3V, +4V, +5V, 0V, -1V, -
2V, -3V, -4V, -5V. 
Simulation Results 
Fig 6 shows the simulation results for eleven level cascaded multilevel inverter using PO-SPWM technique having 
Modulation Index of 0.866. This is giving less harmonic distortion. 
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Fig 6: Simulation Results for Eleven Level Cascaded Multilevel Inverter using PO-SPWM Technique. 

 
Fig 7 (a), (b), (c), (d), (e), (f), (g), (h), (i), (j) gives THD values of 11 level multilevel inverter for Modulation Index, 
MI=0.166, 0.266, 0.366, 0.466, 0.566, 0.666, 0.766, 0.866, 0.966,1.0 respectively. 
 
 

 
(a) For MI =0.166 

 

 
(b) For MI =0.266 

 
(c) For MI =0.366 

 
(d) For MI =0.466 

 
(e) For MI =0.566 

 
(f) For MI =0.666 
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(g) For MI =0.766 

 
(h) For MI =0.866 

 
(i) For MI =0.966 

 
(j) For MI =1 

Fig 7: Simulation Results for Modulation Indices from 0.166 to 1. 
 

THD = ට∑ (V୧/Vଵ)ଶஶ
୧ୀହ,଻,ଵଵ,ଵଷ…..                                                                                                               (1) 

 
Table 1: THD Values for Different Modulation Indices 

Modulation index PO-SPWM 
%THD(simulation) 

0.166 31.60 
0.266 28.38 
0.366 16.43 
0.466 14.17 
0.566 12.46 
0.666 9.67 
0.766 9.90 
0.866 7.30 
0.966 9.39 
1.000 9.83 

 
Table 1 shows the THD values for different modulation index range of ‘0.166 to 1’ for eleven level cascaded multilevel 
inverter by PO-SPWM. From the Table 1, it is noticed that for Modulation Index (MI) = 0.866 giving better results when 
compared to the other modulation values. 
Eleven Level Cascaded Inverter with Selective Harmonic Elimination (SHE) Technique. 
Fig 8 shows block diagram of SHE technique for cascaded H-bridge inverter. This is worked on fundamental switching 
frequency. In the fundamental frequency switching technique the lower THD is obtained by suppressing some selected 
harmonics through the optimized switching angles. These optimized switching angles are generated by solving the 
nonlinear equations. To solve nonlinear equations Fourier analysis is used. 
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Fig 8: Basic Diagram of SHE Technique for Cascaded Multilevel Inverter. 

 
The output voltage of the cascaded multilevel inverter is given by equation (2). 

𝑉௅(𝑤𝑡) = ෍
ସ௏೏೎

௡గ
(cos(nθଵ) + cos(nθଶ) + cos(nθଷ) + ⋯ . + cos(nθୱ)) sin(nwt))

∞

௅ୀଵ,ହ,଻,…
                (2) 

Where ‘S’ is number of switching angles is equal to 1, 2, 3, ……,S. The fist one gives the desired fundamental output 
(V1) and all other angles can reduce the output voltage harmonics, which dominates the THD thereby equation (2) 
becomes V(wt)=V1sin(wt). From equation (2), the fundamental output voltage (V1) is represented as switching angles 
and given as 

V1    =   
 ସ௏೏೎

௡గ
(cos(θଵ) + cos(θଶ) + … . + cos(θୱ))                                                                                (3) 

 
The ratio of fundamental voltage (V1) and the obtainable maximum fundamental voltage (V1max) gives the modulation 
index, where the maximum fundamental voltage(V1max) is achieved by making all switching angles equations to be zero. 
From equation 3, 

V1max = 
ସௌ௏೏೎

గ
 

MI = 
௏భ

௏భ೘ೌೣ
, Where MI is modulation index 

 
The Modulation Index and generated switching angles can give pure sine with the low THD by solving the following 
transcendental nonlinear equations (4) known as SHE equations that characterize the selected harmonics. The challenge 
lies here is to guess the initial switching angles in the range of 0≤ θ1< θ2<⋯<θs≤ π/2 for SHE technique. This technique 
allows only fundamental frequency and eliminates the 5th, 7th, 11th, 13th higher harmonics in the line-to-line voltages. 
 
The equations for this condition can be written as , 
(cos(θଵ) + cos(θଶ) + cos(θଷ) + cos(θସ) + cos(θହ))=SMI                                                                     (4) 
(cos(5θଵ) + cos(5θଶ) + cos(5θଷ) + cos(5θସ) + cos(5θହ))=0 
(cos(7θଵ) + cos(7θଶ) + cos(7θଷ) + cos(7θସ) + cos(7θହ))=0 
(cos(11θଵ) + cos(11θଶ) + cos(11θଷ) + cos(11θଷ) + cos(11θହ))=0 
(cos(13θଵ) + cos(13θଶ) + cos(13θଷ) + cos(13θଷ) + cos(13θହ))=0,  

Where Modulation Index (MI) is equal to  
గ௏భ

ସௌ௏೏೎
,  for 0<MI≤1.To solve the above nonlinear equations the following matrix 

equations are needed in the Newton Rapson method. 
 
To solve the above nonlinear equations the following matrix equations are needed in the Newton Rapson method. 

1) The initial guessing of switching angles is given in equation (5). 
 θ0 = [θଵ θଶ θଷ θସ θହ]                                                                                                                     (5) 
Where θଵ= (4.6983), θଶ= (16.9596), θଷ= (23.5486), θସ= (39.706), θହ= (59.4157), taken from reference [4]. 
 

2) The nonlinear function matrix is given by (6). 
[F(θ)]=     [   (cos(θଵ) + cos(θଶ) + … . + cos(θହ));                                                                     (6)                        
(cos(5θଵ) + cos(5θଶ) + … . + cos(5θହ));                                                                                                      
(cos(7θଵ) + cos(7θଶ) + … . + cos(7θହ)); 
(cos(11θଵ) + cos(11θଶ) + … . + cos(11θହ)); 
(cos(13θଵ) + cos(13θଶ) + … . + cos(13θହ))   ]; 
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Jacobian of matrix  F after simplification is given by  
 d(F(θ)=    [  -sin(θଵ)               -sin(θଶ)           -sin(θଷ)              -sin(θସ)              -sin(θହ);                 (7)                   
         -5sin(5θଵ)          -5sin(5θଶ)        -5sin(5θଷ)          -5sin(5θସ)          -5sin(5θହ) ; 
               -7sin(7θଵ)          -7sin(7θଶ)        -7sin(7θଷ)          -7sin(7θସ)          -7sin(7θହ) ; 
              -11sin(11θଵ)      -11sin(11θଶ)     -11sin(11θଷ)      -11sin(11θସ)      -11sin(11θହ); 
             -13sin(13θଵ)       -13sin(13θଶ)     -13sin(13θଷ)      -13sin(13θସ)     -13sin(13θହ) ]; 
 

3) The solution matrix 
T=[5MI 0 0 0 0]1; where MI is( 0.1 to 1)        

d(θ)  =  [  d F(θ) 1 =
(்ି(୊(஘))

ୢ(୊(஘)
    ]                                                    (8)                                                                  

θnew     =  θold+ d(θ)   
 

4) Calculate THD for each iteration, continue the process where the optimized switching angles and lower THD 
are obtained. 

This is a system of five transcendental equations with five unknowns θ1, θ2, θ3, θ4, θ5 from equation (4) which mean 
that the output voltage of the 11-level inverter would not contain the 5th, 7th, 11th, and 13th order harmonic 
components. Fig 9 gives the flow chart for the SHE technique using the Newton Raption method. 
Fig.9 gives the flow chart for the SHE technique using the Newton Rapson method. The steps followed in flowchart 
are, first guess the initial values of switching angles equation (5), next find the nonlinear function matrix equation 
(6), then find the Jacobean function matrix(7), next find the solution matrix equation (8), and then find the new 
switching angles and THD for the modulation range 0.166 to 1. Evaluate the results for better switching angles and 
THD. 
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Fig 9: Flowchart for Newton Rapson Method. 
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Table 2: Comparison of THD for SPWM and SHE Techniques 
Single Phase 11 level cascaded multilevel Full-bridge inverter 

Modulation index PO-SPWM 
%THD 

SHE(mat lab 
coding) 
%THD 

0.166 31.60 42.35 
0.266 28.38 29.04 
0.366 16.43 18.52 
0.466 14.17 11.063 
0.566 12.46 5.73 
0.666 9.67 4.37 
0.766 9.90 1.73 
0.866 7.30 1.51 
0.966 9.39 7.14 
1.000 9.83 8.09 

 
Table 2 shows the comparison of THDs for 11 levels cascaded multilevel inverter using SPWM and SHE technique 
(MATLAB coding) with different Modulation Indices. From the Table 1 and Table 2 it is noticed that Modulation Indices 
(MI) = 0.866 is giving better results when compared to the other modulation values in both SPWM and SHE techniques. 
But THD obtained is less for SHE technique compared to SPWM technique. This shows that the SHE technique is 
superior to SPWM technique. 
 
Conclusions 
The work carried out for cascade eleven level multilevel inverter using SPWM and SHE techniques for different 
modulation indices between (0.666 to 1). In this range the lowest harmonic distortion is obtained for MI=0.866 in both 
techniques. But THD obtained for SHE technique is less (1.51) compared to SPWM technique (7.3). From this it is 
concluded that SHE technique is better than the SPWM technique for higher order harmonics elimination. 
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