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Abstract: - In this paper, hybrid modulation methods suitable for H-bridge MLI is discussed. The results of 
experimental work using dSPACE system only are presented for three phase five level cascaded type inverter. 
Different hybrid carrier PWM (Pulse Width Modulation) strategies using sinusoidal reference, third harmonic 
injection reference, 60 degree reference and stepped wave reference for the chosen inverter are initially 
developed using SIMULINK. Strategies developed are then implemented in real time using dSPACE/RTI. The 
five level output voltages of the chosen MLI (Multi Level Inverter) obtained using the dSPACE system based 
PWM strategies and the corresponding % THD (Total Harmonic Distortion) and VRMS (fundamental) are 
presented and analyzed. It is seen that PS+VF (Phase shift+ Variable Frequency) and PS+PD (Phase 
Disposition) for sinusoidal reference. PS+VF and CO+PS for THI (Third Harmonic Injection) reference, 
PD+VF for 60 degree reference and APOD+PD and PD+VF for stepped wave provides output with relatively 
low distortion. It is found that CO+PD with sine reference, APOD+CO and CO+PS PWM with THI reference,   
CO+PD PWM  with 60 degree reference and APOD+CO and CO+PD PWM with stepped wave reference 
perform better since it provides relatively higher fundamental RMS output voltage and relatively lower stress 
on the devices. The simulation and hardware results closely match with each other. 
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1 Introduction 
Multilevel voltage source inverters have recently 
emerged as very important alternatives in high 
power, medium voltage applications. The function 
of a MLI is to synthesize a desired AC output 
voltage from several DC voltage sources with 
extremely low distortion. The MLIs provide high 
output voltages with low harmonics without the use 
of transformers or series connected synchronized 
switching devices. As the number of output voltage 
levels increases, the harmonic content of the output 
voltage decreases significantly. Increasing the 
number of output voltage levels in the inverter 
without requiring higher ratings on individual 
devices can increase the power rating of load. MLIs 
offer several advantages. These include higher DC 
bus utilization, improved harmonic performance and 
reduced stress on power devices. MLIs find 
applications in adjustable speed drives, electric 
utilities and renewable energy systems. Simulation 
studies on various multi-carrier PWM strategies for 
three phase cascaded type five level inverter 

followed by DSPACE based implementation are 
presented in this paper. Lee and Nojima [1] 
proposed a quantitative power quality and 
characteristic analysis of multilevel pulse width 
modulation methods for three level neutral point 
clamped medium voltage industrial drives. Gupta 
and Jain [2] suggested a topology for multilevel 
inverters to attain maximum number of levels from 
given dc sources. Najafi and Yatim [3] made a 
design and implementation of a new multilevel 
inverter topology. Roshankumar et al [4] discussed a 
five-level inverter topology with single dc supply by 
cascading a flying capacitor inverter and an H-
bridge. Wu et al [5] developed two modulated 
digital control for three phase bidirectional inverter 
with wide inductance variation. José et al [6] 
discussed a generalized proportional integral 
tracking controller for a single phase multilevel 
cascade inverter. Younghoon Cho et al [7] proposed 
a carrier-based neutral voltage modulation strategy 
for multilevel cascaded inverters under unbalanced 
DC sources. Shweta Gautam and Rajesh Gupta [8] 
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suggested a switching frequency derivation for the 
cascaded multilevel inverter operating in current 
control mode using multiband hysteresis 
modulation. Choi et al [9] discussed diagnosis and 
tolerant strategy of an open-switch fault for T-type 
three-level inverter systems. Nuntawat 
Thitichaiworakorn et al [10] made a experimental 
verification of a modular multilevel cascade inverter 
based on double-star bridge cells. Till Boller et al 
[11] proposed a neutral-point potential balancing 
using synchronous optimal pulse width modulation 
of multilevel inverters in medium-voltage high-
power AC drives. Makoto Hagiwara and Hirofumi 
Akagi [12]  made experimentation and simulation of 
a modular push–pull PWM converter for a battery 
energy storage system. Chang Wu and Chou [13] 
developed a solar power generation system with a 
seven-level inverter. Gupta and Jain [14] proposed a 
novel multilevel inverter based on switched DC 
sources. Espinosa et al [15] developed a new 
modulation method for a 13-level asymmetric 
inverter toward minimum THD. 
 
 
2 Cascaded Multilevel Inverter 
The main feature of a cascaded MLI (CMLI) is its 
ability to reduce the voltage stress on each power 
device due to the utilization of multiple DC sources. 
Though there are several types of MLI, the 
configuration of Modular Structured Multilevel 
Inverter (MSMI) also called cascaded type is unique 
when compared to other types of multilevel inverter 
in the sense that it consists of several modules that 
require Separate DC Sources (SDCS). The function 
of this MLI is to synthesize a desired voltage from 
SDCS which may be batteries, fuel cells or solar 
cells. The number of modules (M) which is equal to 
the number of DC sources required depends on the 
number of levels (m) in the output of the MSMI. M 
and m are related by m=2M+1. For output voltage 
consisting of five levels, which are +2Vdc, +Vdc, 0,-
Vdc and -2Vdc, the number of modules required in 
the MSMI is two. Compared to other types of MLI, 
the MSMI requires less number of components with 
no extra clamping diodes or voltage balancing 
capacitors that only further complicate the overall 
inverter operation. Each module of MSMI has the 
same structure whereby it is represented by a single 
phase full bridge inverter. This simple modular 
structure not only allows practically unlimited 
number of levels for the MSMI by stacking up the 
modules but also facilitates its packaging. Fig. 1 
shows the three phase five level cascaded inverter. 

The cascaded MLI can be used as compensator in 
power systems because it does not present 
unbalance problem in DC source. The structure of 
separate DC sources is well suited for various 
renewable energy sources such as fuel cell, photo 
voltaic cell and biomass cell. Table. 1 display switch 
states and voltage levels of five level cascaded 
inverter for R-phase. Fig. 2 shows cyclic switching 
sequence for MSMI. 
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Figure. 1 Three phase five level cascaded inverter 

Table 1 Switch states and voltage levels of five level 
cascaded inverter for R-phase 

S11 S21 S12 S22 Output (Vo) 
1 0 1 0 +2Vdc 
1 0 0 0 +Vdc 
1 0 1 1 +Vdc 
0 0 1 0 +Vdc 
1 1 1 0 +Vdc 
0 0 0 0 0 
1 1 1 1 0 
1 0 0 1 0 
0 1 1 0 0 
0 0 1 1 0 
1 1 0 0 0 
0 1 1 1 -Vdc 
0 1 0 0 -Vdc 
1 1 0 1 -Vdc 
0 0 0 1 -Vdc 
0 1 0 1 -2Vdc 
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Figure. 2 Cyclic switching sequence of chosen 
MSMI 

 
 

3 Cascaded Multilevel Inverter 
This paper presents the comparison of results of 
hybrid carrier PWM techniques for the chosen three 
phase CMLI. In general for a five level inverter four 
carriers are needed for symmetrical five level 
inverter. The proposed work focuses on the hybrid 
carrier technique. The upper two carriers operate at 
different PWM strategies compared to the lower two 
carriers. PD, APOD, CO, VF and PS multi-carrier 
PWM strategies are chosen in this work and the 
proposed carrier arrangement uses combination of 
any two strategies among the five. As far as the 
particular reference wave is concerned, there is also 
multiple CFD (Control Freedom Degree) including 
frequency, amplitude, phase angle of the reference 
wave. The chosen CMLI is controlled with  (APOD 
+ CO), (APOD + PS), (APOD + VF), (CO + VF), 
(CO + PS), (PD + VF), (PS + PD), (PS + VF), 
(APOD + PD) and (CO + PD) hybrid PWM with 
triangular carrier and sine, THI, 60 degree and 
stepped wave references and the variation of %THD 
and VRMS(fundamental) of the output voltage are 
observed for various modulation indices ma.  
 
3.1 Carrier arrangement for Various References 
The following strategies are employed in this paper. 
 
3.1.1 (APOD + CO) hybrid PWM strategy 
This strategy requires each of the two carrier waves 
in the upper half side to be phase displaced from 
each other by 180 degrees alternately. The vertical 

offset of carriers for chosen inverter can be 
illustrated in Fig. 3 to 6. It can be seen that the two 
carriers in the lower half side overlap with each 
other and the reference sine wave is placed at the 
middle of the four carriers. 

 
Figure. 3 Sample Carrier arrangement for (APOD + 
CO) hybrid PWM strategy (ma = 0.8, mf  = 40) with 

sine reference 

 
Figure. 4 Sample Carrier arrangement for (APOD + 
CO) hybrid PWM strategy (ma = 0.8, mf  = 40) with 

THIPWM reference 

 
Figure. 5 Sample Carrier arrangement for (APOD + 
CO) hybrid PWM strategy (ma = 0.8, mf  = 40) with 

60 degree reference 
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Figure. 6 Sample Carrier arrangement for (APOD + 
CO) hybrid PWM strategy (ma = 0.8, mf  = 40) with 

stepped wave reference 
 
 
4 Simulation Results 
Simulation is performed using MATLAB-
SIMULINK. It is observed that (PS+APOD) PWM 
with sinusoidal reference, (PS+VF) PWM with THI 
reference, (PD+VF) PWM with 60 degree reference 
and (APOD+PS) PWM with stepped wave reference 
provide output with relatively low distortion. It is 
also seen that (CO+VF) PWM strategy with sine 
reference, (APOD+CO) and (CO+PS) PWM with 
third harmonic injection, (CO+PD) PWM with 60 
degree PWM reference and (APOD+CO) PWM 
with stepped wave reference are found to perform 
better since they provide relatively higher 
fundamental RMS output voltage. 
The chosen three topologies of five level inverter 
are simulated using SIMULINK - power system 
block set. Simulations are performed for different 
values of ma ranging from 0.6 to 1 and resistive load 
of 100Ω. Simulated output voltage of chosen MLI 
with (APOD+CO)PWM strategy is displayed only 
for a sample value of ma=0.8. mf is chosen as 40 as a 
trade off in view of the following reasons: (i) to 
reduce switching losses (which may be high at large 
mf) (ii) to reduce the size of the filter needed for the 
closed loop control, the filter size being moderate at 
moderate frequencies (iii) to effectively utilize the 
available dSPACE system for hardware 
implementation. The corresponding %THD and 
RMS values of output voltage are measured using 
FFT (Fast Fourier Transform) block of SIMULINK 
and tabulated.  
Fig.20 shows the comparison of %THD of output 
voltage (by simulation) with different hybrid bipolar 
PWM switching strategies for various modulation 
indices and sinusoidal reference. Table. 2 show the 
comparison of %THD of output voltage with 
different hybrid bipolar PWM switching strategies 

for various modulation indices and third harmonic 
injection reference. Table 4 show the comparison of 
%THD of output voltage with different hybrid 
bipolar PWM switching strategies for various 
modulation indices and 60 degree PWM reference. 
Table 6 shows the comparison of %THD of output 
voltage with different hybrid bipolar PWM 
switching strategies for various modulation indices 
and stepped wave reference. 
Variations of RMS value of fundamental output 
voltage for various modulation indices (0.6-1) are 
listed in Fig. 21, Tables 3, 5 and 7 respectively for 
sine, THI, 60 degree and stepped wave references. 
Figs. 7, 9, 11 and 13 show the output voltages of 
cascaded MLI with (APOD+CO) hybrid PWM with 
sine, THI, 60 degree and stepped wave references 
respectively and Figs. 8, 10, 12 and 14 show 
corresponding FFT plot for ma = 0.8. From 
simulated FFT plot it is seen that dominant 
harmonics are present in (APOD+CO) as follows:  
(i) 2nd, 3rd, 35th to 40th with sine reference 
(ii) 2nd, 3rd, 9th, 31st, 33rd to 40th with THI PWM 

reference 
(iii) 2nd, 3rd, 5th, 7th, 33rd to 38th , 40th with 60 degree 

reference 
(iv) 2nd, 3rd, 15th, 21st, 23rd, 35th to 40th with stepped 

wave reference. 
The following parameter values are used for 
simulation: Vdc = 100V and R(load) = 100 ohms, fc 
= 2000Hz and fm = 50 Hz.  

 
Figure. 7 Output voltage of cascaded MLI with 

(APOD+CO) PWM strategy (sine ref.) 

 
Figure. 8  FFT plot of cascaded MLI with 

(APOD+CO) PWM strategy for R-phase  (sine ref.) 
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Figure. 9 Output voltage of cascaded MLI with 

(APOD+CO) PWM strategy (THI ref.) 

 
Figure. 10 FFT plot of cascaded MLI with 

(APOD+CO) PWM strategy for R-phase (THI ref.) 
 

 
Figure. 11 Output voltage of cascaded MLI with 

(APOD+CO) PWM strategy(60 degree PWM ref.) 

 
Figure. 12 FFT plot of cascaded MLI with 

(APOD+CO) PWM strategy for R-phase (60 degree 
PWM ref.) 

 
Figure. 13 Output voltage of cascaded MLI with 
(APOD+CO) PWM strategy (stepped wave ref.) 

 
Figure. 14 FFT plot of cascaded MLI with 

(APOD+CO) PWM strategy for R-phase (stepped 
wave ref.) 

 
 
5 Experimental Results 
This section presents the results of experimental 
work (Fig.15) carried out on chosen CMLI using 
dSPACE DS1103 controller board. The results of 
the experimental study are shown in the form of the 
oscillograms of PWM outputs and corresponding 
harmonic spectrum of chosen MLI. Experiments are 
performed with appropriate mf (same as in 
simulation studies) and for different values of ma. 
The corresponding %THD and VRMS (fundamental) 
output voltages are calculated (from the FFT 
spectrum obtained), tabulated and analyzed. The 
experimental output voltages and the corresponding 
harmonic spectra are shown for only one sample 
value of ma=0.8 of cascaded five level inverter 
topology. 
Figs. 14-17 show the sample experimental output 
voltages and FFT of chosen CMLI obtained using 
dSPACE/RTI for (APOD + CO) hybrid PWM with 
sine, THI, 60 degree and stepped wave references 
respectively. After suitably scaling down the 
simulation values, in view of laboratory constraints, 
the peak-to-peak output voltage obtained 
experimentally is 40V. Variations of RMS value of 
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fundamental output voltage of cascaded MLI using 
triangular carriers for various modulation indices 
and for different hybrid PWM strategies with 
various references are shown in Tables 9, 11, 13 and 
15 respectively. Table 8, 10, 12 and 14 show the 
experimental %THD for hybrid PWM strategies. 
The following parameter values are used for 
experimentation: Vdc=20V, R(load)=100Ω, fc=2000 
Hz and fm=50Hz, mf=40 for bipolar (APOD + CO) 
PWM, (APOD + PS) PWM, (APOD + VF) PWM, 
(CO + VF) PWM, (CO + PS) PWM, (PD + VF) 
PWM, (PS + PD) PWM, (PS + VF) PWM, (APOD 
+ PD) PWM and (CO + PD) PWM  strategies with 
triangular carriers and various references. 

 
Figure. 15 Hardware setup of three phase five level 

cascaded inverter 

 
Figure. 16 Output voltage and FFT plot of cascaded 
MLI with (APOD+CO) PWM strategy for R-phase 

(sine ref.) 

 
Figure. 17 Output voltage of cascaded MLI with 

(APOD+CO) PWM strategy (THI ref.) 

 
Figure. 18 Output voltage and FFT plot of cascaded 
MLI with (APOD+CO) PWM strategy for R-phase 

(60 degree ref.) 

 
Figure. 19 Output voltage of cascaded MLI with 
(APOD+CO) PWM strategy (stepped wave ref.) 

 
Figure. 20 Sample % THD of output voltage of 

cascaded MLI vs ma with sine ref (By simulation) 

 
Figure. 21  Sample RMS fundamental of output 

voltage of cascaded MLI vs ma with sine ref         
(By simulation) 
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Table 2 %THD of output voltage (R-phase) of cascaded MLI for various values of ma with THIPWM ref           
(By simulation) 

ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 31.07 29.08 28.87 29.06 31.26 31.08 31.24 28.88 28.96 26.95 

0.9 37.31 36.07 35.64 36.04 37.39 33.99 37.36 35.88 36.01 35.98 
0.8 44.86 41.46 41.35 41.42 44.35 36.99 44.32 41.17 41.27 41.24 
0.7 55.25 44.28 44.10 44.14 55.19 55.04 55.07 43.91 43.98 43.84 
0.6 64.81 43.10 42.61 43.07 64.8 64.60 64.78 42.85 42.85 42.82 

 
Table 3 VRMS (fundamental) of output voltage (R-phase) of cascaded MLI for various values of ma with 

THIPWM ref (By simulation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 363.5 360.1 359.6 360 362.8 362.4 362.8 359.8 359.4 359.2 

0.9 333 324.5 324.6 324.4 332.7 340.7 332.6 324.3 324.3 324.2 
0.8 299 288.2 288.5 288.4 299 332.7 299.1 288.4 287.9 288 
0.7 259.3 252.6 252.7 252.8 258.6 258.7 258.8 252.7 257.4 252.9 
0.6 218.1 216.3 215.8 216.4 218.8 218.2 218.9 216.4 216 216.1 

 
Table 4 %THD of output voltage (R-phase) of cascaded MLI for various values of ma with 60 degree ref       

(By simulation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 26.98 22.92 30 25.46 34.87 26.47 26.62 22.68 29.88 25.37 

0.9 34.49 31.70 37.84 33.61 41.03 34.09 34.04 31.23 37.42 33.67 
0.8 40.30 37.77 43.49 40.04 45.40 39.83 39.85 37.59 43.39 39.88 
0.7 52.49 41.98 46.80 43.81 56.80 52.21 52.36 41.78 47.13 43.63 
0.6 62.79 42.94 46.70 43.88 66.58 62.57 62.70 42.46 46.91 43.95 

 
Table 5 VRMS (fundamental) of output voltage (R-phase) of cascaded MLI for various values of ma with 60 

degree ref (By simulation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 365.2 364.3 384.1 374.6 389.1 365.7 365.6 364.2 384.1 374.8 

0.9 323.5 327.6 345.9 337.4 355.5 333.5 333.3 327.9 342.6 337.3 
0.8 302.4 291.5 307.5 299.8 323.9 303 302.9 291.5 307.6 300 
0.7 260.3 255.1 269 262.3 279.1 260.9 261.2 255.3 269.3 262.4 
0.6 220.6 218.6 230.6 224.7 236.7 220.9 220.9 218.7 230.7 224.8 

 
Table 6 %THD of output voltage (R-phase) of cascaded MLI for various values of ma with stepped wave ref 

(By simulation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 31.92 23.86 24.35 23.98 31.56 32.05 31.65 24.49 23.96 24.10 

0.9 39.60 32.95 32.77 33.12 39.91 39.84 40.04 33.36 33.01 33.18 
0.8 46.99 39.02 38.83 38.90 48.15 47.95 48.03 38.83 39.29 39.18 
0.7 58.07 42.02 42.30 41.57 58.73 58.73 58.28 41.20 42.36 41.92 
0.6 68.80 45.95 46.04 46.49 69.26 69.18 69.62 46.83 45.71 46.26 

 
Table 7 VRMS (fundamental) of output voltage (R-phase) of cascaded MLI for various values of ma with stepped 

wave ref (By simulation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 315.9 314.7 312.1 314.9 320.5 317.9 320.7 315.5 317 317.2 

0.9 287 282 280.7 282.3 287.6 286.3 286 283.1 283.3 283.6 
0.8 259.2 250.3 251 250.9 255.8 256.5 256.3 252.2 250.6 251.2 
0.7 224.5 219.9 221.4 220.9 220 221.5 221 222.6 219.4 220.3 
0.6 189.3 188.6 189.2 188.6 186.7 187.3 186.7 189.6 187.8 187.8 
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Table 8 % THD of output voltage (R-phase) of cascaded MLI for various values of ma with sine ref                    
(By experimentation) 

ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 22.93 22.41 8.77 15.03 10.20 19.92 13.46 3.636 1.739 0.7462 

0.9 26.89 25.05 12.13 17.24 13.51 20.40 14.38 3.703 1.904 0.8695 
0.8 34.35 33.08 21.12 18.63 15.15 20.45 18.45 6.097 3.38 4.854 
0.7 35.7 36.58 22.38 20.37 18.90 22.72 18.51 6.84 4.895 5.281 
0.6 36.9 38.28 26.42 22.58 23.21 25 19.06 7.425 9.523 7.936 

 
Table 9 VRMS (fundamental) of output voltage (R-phase) of cascaded MLI for various values of ma with sine ref 

(By experimentation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 14.9 14.5 14.2 14.5 14.7 14.7 14.9 14.6 14.3 14.2 

0.9 14 13.6 13.4 13.5 14 13.8 13.9 13.5 13.3 13.4 
0.8 13.1 12.3 12.3 12.4 13.2 13.2 13 12.3 12.6 12.6 
0.7 11.9 11.1 11.4 11 11.9 12 11.8 11 11.5 11.5 
0.6 10.9 9.98 10.3 9.98 11.1 11 10.8 10.1 10.5 10.3 

 
Table 10 %THD of output voltage (R-phase) of cascaded MLI for various values of ma with THIPWM ref              

(By experimentation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 13.42 5.063 3.70 7.27 2.95 1.87 9.493 2.597 3.2 1.6 

0.9 17.75 7.272 10.59 11.26 6.329 5.434 11.97 5.128 6.172 1.851 
0.8 20.56 12.5 11.34 11.90 6.66 9.740 13.42 9.036 8.053 2.255 
0.7 21.54 13.98 12.5 12.93 16.26 12.04 22.05 9.090 8.955 6.666 
0.6 22.55 21.55 13.07 12.98 18.79 19.84 24.59 9.375 9.090 9.219 

 
Table 11 VRMS (fundamental) of output voltage (R-phase) of cascaded MLI for various values of ma with 

THIPWM ref (By experimentation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 16.9 16.5 16.2 16.5 16.9 16.6 16.7 16.6 16.2 16.2 

0.9 15.8 15.4 15.1 15.4 15.8 15.4 15.8 15.4 14.9 15 
0.8 14.4 13.9 14.1 14.0 14.8 14.5 14.8 14.1 14.1 14.1 
0.7 13.3 12.8 13 12.6 13.3 13.8 13.6 12.8 13.4 13.3 
0.6 12.3 11.6 12 11.6 12.3 12.6 12.2 11.7 12.5 12.5 

 
Table 12 %THD of output voltage (R-phase) of cascaded MLI for various values of ma with 60 degree ref                

(By experimentation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 15.97 9.803 2.702 12.04 4.464 17.64 10.48 3.267 4.065 2.479 

0.9 22.38 11.97 3.592 12.90 9.58 19.86 17.85 4.464 5.343 3.03 
0.8 22.43 12.06 13.46 14.95 10.89 20.68 19.23 4.724 6.097 3.03 
0.7 23.64 17.71 14.18 17.32 19.40 21.89 25.92 4.895 8.00 8.053 
0.6 36 19.36 16.66 18.88 20.32 34.88 29.41 6.034 8.57 17.14 

 
Table 13 VRMS (fundamental) of output voltage (R-phase) of cascaded MLI for various values of ma with 60 

degree ref (By experimentation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 16.9 16.7 16.7 16.6 16.8 17 16.8 16.8 16.4 16.5 

0.9 15.6 15.3 15.3 15.5 15.6 15.1 15.6 15.3 15 14.9 
0.8 14.8 14.2 14.2 14.3 14.6 14.5 14.3 14.3 14 14 
0.7 13.4 12.7 12.7 12.7 13.4 13.7 13.5 12.7 13.1 13.2 
0.6 12.5 11.6 11.6 11.7 12.3 12.9 11.9 11.6 12.3 12.1 
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Table 14 %THD of output voltage (R-phase) of cascaded MLI for various values of ma with stepped wave ref 

(By experimentation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 27.64 20.54 3.921 13.69 12.5 24.83 19.35 6.060 5.882 1.8 

0.9 28.18 26.20 4.8 17.39 17.26 26.78 25.36 6.896 6.349 3.053 
0.8 31.19 26.71 19.23 19.08 19.60 28.22 26.92 8.072 7.575 3.968 
0.7 34.35 35.08 20.68 24 20.31 30.76 33.33 14.28 7.920 9.523 
0.6 35.97 44.98 25.86 24.31 23.85 32.37 33.61 16.89 17.36 12.60 

 
Table 15 VRMS (fundamental) of output voltage (R-phase) of cascaded MLI for various values of ma with 

stepped wave ref (By experimentation) 
ma APOD+CO APOD+PD APOD+PS APOD+VF CO+PD CO+PS CO+VF PD+VF PS+PD PS+VF 
1 14.9 14.6 14.5 14.6 15.3 15.1 15.5 14.8 14.4 14.7 

0.9 13.9 13.1 13 13.1 13.9 13.9 13.8 13.2 13.2 13.1 
0.8 12.9 12.4 12.5 12.4 12.9 13 12.9 12.4 13.9 12.5 
0.7 12.3 11.4 11.6 11.5 12 12.4 11.9 11.6 11.9 11.9 
0.6 10.9 9.78 10.2 9.87 10.9 11.2 10.5 9.91 10.1 10 

 
 
 
5 Conclusion 
Ten chosen hybrid PWM strategies have been 
developed and tested for different modulation 
indices ranging from 0.6 -1 for three phase MLI. 
Various performance indices like  (i) % THD and 
harmonic spectra indicating purity of the output 
voltage  (ii) CF (Crest Factor) which is a measure of 
the stress on the device  (iii) LOH (Lower Order 
Harmonics) suggesting indirectly the size and cost 
of the filter and  (iv) VRMS (fundamental) indicating 
the amount of DC bus utilization have been 
evaluated, presented and analyzed. Appropriate 
PWM strategies may be employed depending on the 
performance measure required in a particular 
application of the MLI taken up for study in this 
work. 
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