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Chapter 4 Simulation Results for MLI and HMLI

In this chapter MATLAB simulations done for different cascaded multilevel
inverters (CMLI) and hybrid multilevel inverters (HMLI) are described and analyzed.
Simulations are carried out for 5 level, 7 level and 9 level output with respect to cascaded
multilevel inverter. Different modulation techniques implemented are PD, POD, APOD
and hybrid modulation technique. Modulation index is taken either 0.9 or ! specified
with respective output figures while frequency modulation index is 21. For better
visualization figures are resolved, but simulations and THD measurement are done as per
the values specified. Further sections describe MATLAB simulations for different MLI
and HMLI.

4.1 SIMULATIONS FOR CASCADED MULTILEVEL INVERTER

As per the theory discussed in chapter 2 and chapter 3 simulations are carried out
for different cascaded multilevel inverter and FFT analysis is done in
MATLAB/SIMULINK to obtain THD.

411 FIVE LEVEL CASCADED MULTILEVEL INVERTER

As shown in Fig. 4.0 if two H bridges are cascaded then 5 level output is
obtained. Though practically type of switches used do make difference in output but in
simulations no major difference is observed.
4.1.1.1 Five Level Cascaded Multilevel Inverter with Staircase Technique

Fig. 4.1 shows block diagram structure in MATLAB/SIMULINK for 5 level
cascaded MLI.

For all simulation results on Y-axis voltage in volts is taken and on X-axis

time is taken in seconds.

Seven level

Fig. 4.1 Simulink block for cascaded multilevel inverter
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Fig. 4.2 Siniulink output for five level cascaded multilevel inverter
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Fig. 4.3 FFT analysis and THD for five level cascaded multilevel inverter
In this simulation universal bridge simulink block is used in which MOSFET

switch is chosen. Fig. 4.2 shows 5 level output voltage where VdC is 20V for each bridge
thus DC voltage is equal for both bridges. MOSFETS are switched at approximately 10°

and 56° to obtain Vdc and 2Vdc as the output, accordingly rest of switching takes place.

Switching angles can be obtained using different techniques such as selective harmonic
elimination (SHE).
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Thus output can be optimized with different switching angles and accordingly
THD will change. Fig. 4.3 corresponds to FFT analysis giving THD at 23" cycle with
1500 Hz as maximum frequency. FFT parameters remains same for all analysis unless
and until specified.

4.1.1.2 Five Level Cascaded Multilevel Inverter with Phase Disposition Modulation
Technique

Block diagram structure for 5 level cascaded MLI with PD modulation technique
remains same as Fig. 4.1. Control block is changed as shown in Fig. 4.4 where ‘gl’-‘g2’
combine to give ‘A’ and ‘g5’-’g6’ combine to give ‘Al’ in Fig. 4.1. Fig. 4.5 shows
carrier and modulating signal for PD modulation technique for five level cascaded MLIL
Modulation index is specified earlier. Fig. 4.6 shows 5 level output voltage where V4 is
20V for each bridge. Thus DC voltage is equal for both bridges. Thus output can be
changed with different modulation index for amplitude and frequency hence THD will
change accordingly. Fig. 4.7 corresponds to FFT analysis giving THD at 23" cycle with
1500 Hz as maximum frequency. FFT parameters remains same for all analysis unless
and until specified.

Similar outputs can be obtained for POD and APOD modulation technique.

gt

Fig. 4.4 Control block for five level cascaded MLI with PD technique
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Fig. 4.5 Carrier and modulating signal for five level cascaded MLI with PD
technique
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Fig. 4.6 Simulink output for five level cascaded multilevel inverter with PD
technique
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Fig. 4.7 FFT analysis and THD for five level cascaded multilevel inverter with PD
technique

4.1.2 SEVEN LEVEL CASCADED MULTILEVEL INVERTER
Seven level output can be obtained using two or three H bridges by varying Vdc
as per requirement.

4.1.2.1 Seven Level Cascaded Multilevel Inverter with Staircase Technique Using
Three H Bridges

A) Using three bridges

Fig. 4.8 Simulink output for seven level CMLI using three H bridges
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Fig. 4.9 FFT analysis and THD for seven level CMLI for specified angles

Block diagram structure for 7 level cascaded MLI with three H bridges is shown
in Fig. 4.1. Switches are switched at approximately 10°, 26° and 49° to obtain VdC, 2vVd(

and 3Vdc and accordingly rest of switching takes place. Fig. 4.8 shows 7 level output

voltage where Vdc is 20V for each bridge thus DC voltage is equal for all bridges. Thus

output can be optimized with different switching angles and accordingly THD will
change. Fig. 4.9 corresponds to FFT analysis giving THD at 23rd cycle with 1500 Hz as

maximum frequency.

B) Using two bridges

Fig. 4.10 Simulink output for 7 level CMLI using 2 H bridges
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Seven level cascaded MLI with two H bridges can be obtained by removing one
H bridge from Fig. 4.1 and changing DC voltages to Vdc and 2Vdc. Switches are switched
at approximately 10°, 26° and 49° to obtain Vdc, 2VdC and 3 Vdc and accordingly rest of
switching takes place. Fig. 4.10 shows 7 level output voltage where Vdcis unequal for H
bridges. Thus output can be optimized with different switching angles and accordingly

THD will change. Fig. 4.11 corresponds to FFT analysis giving TFID at 23rd cycle with

1500 Hz as maximum frequency.
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Fig. 4.11 FFT analysis and THD for 7 level CMLI for specified angles

4.1.2.2 Seven Level Cascaded Multilevel Inverter with Phase Disposition
Modulation Technique

A) Using three bridges
Block diagram structure for 7 level cascaded MLI with PD modulation technique

remains same as Fig. 4.1. Control block will consist of carrier and modulating signal for
PD technique with number of carriers increased to six as output is having seven levels As
shown in Fig. 4.5 number of carriers is increased while modulating signal is same.
Modulation index is specified earlier. Fig. 4.12 shows 7 level output voltage where Vdcis
20V for each bridge, the DC voltage is equal for all bridges. Thus output can be changed
with different modulation index for amplitude and frequency hence THD will change
accordingly. Fig. 4.13 corresponds to FFT analysis giving THD at 23rd cycle with 1000
Hz as maximum frequency. FFT parameters remains same for all analysis unless and

until specified.
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Fig. 4.12 Simulink output for 7 level CMLI with PD technique
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Fig. 4.13 FFT analysis and THD for seven level cascaded multilevel inverter with
PD technique
Similar outputs can be obtained for POD and APOD modulation technique as

shown in Fig. 4.14 and Fig. 4.15 respectively.
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Fig. 4.14 Simulink output for 7 level CMLI with POD technique

Fig. 4.15 Simulink output for 7 level CMLI with APOD technique
4.1.3 NINE LEVEL CASCADED MULTILEVEL INVERTER

Nine level output can be obtained by using two or four H bridges by varying VdC
as per requirement.

4.1.3.1 Nine Level Cascaded Multilevel Inverter with Staircase Technique Using
Three H Bridges

A) Using four bridges
Switches are switched at approximately 7.5°, 19.1°, 33.5° and 51.6° to obtain VdC,

2Vdc, 3Vdc and 4vdC and accordingly rest of switching takes place. Fig. 4.16 shows 9
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level output voltage where Vdc is 20V for each bridge thus DC voltage is equal for all
bridges. Thus output can be optimized with different switching angles and accordingly
THD will change. Fig. 4.17 corresponds to FFT analysis giving THD at 23rd cycle with

1500 Hz as maximum frequency.

Block diagram structure for 9 level CMLI with four H bridges can be obtained by

adding one H bridge Fig. 4.1.

Fig. 4.16 Simulink output for 9 level CMLI for 4 H bridges
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Fig. 4.17 FFT analysis and THD for 9 level CMLI for specified angles

B) Using two bridges

Nine level cascaded MLI with two H bridges can be obtained by removing one
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H bridge from Fig. 4.1 and changing DC voltages to Vdc and 3Vdc

Fig. 4.18 Siniulink output for nine level cascaded multilevel inverter for 2 H bridges

Switches are switched at approximately 7.5°, 19.1°, 33.5° and 51.6° to obtain 0,
Vdc, 2Vdc and 3Vdcand accordingly rest of switching takes place. Fig. 4.18 shows 9 level
output voltage where output levels are obtained by addition or subtraction of applied DC
voltage i.e. 10V and 30V. Thus output can be optimized with different switching angles

and accordingly THD will change. Fig. 4.19 corresponds to FFT analysis giving THD at
23rd cycle with 1500 Hz as maximum frequency.
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g. 4.19 FFT analysis and THD for 9 level CMLI for specified angles

73



Chapter 4 Simulation Results for MLI and HMLI

4.2 SIMULATIONS FOR HYBRID MULTILEVEL INVERTER

As per the theory discussed in chapter 2 and chapter 3 simulations are carried out
for different hybrid multilevel inverters and FFT analysis is done in
MATLAB/SIMULINK to obtain THD.

4.2.1 ASYMMETRIC HYBRID MULTILEVEL INVERTER

As shown in Fig. 4.24 IGBT H bridge is cascaded with GTO H bridge thus giving
asymmetric topology with respect to power devices, but in simulations no major
difference is observed as compared to cascaded multilevel inverter with same type of

power devices.

4.2.1.1 Single Phase Asymmetric Hybrid Multilevel Inverter with Hybrid
Modulation Technique
A} Equal DC sources

Fig. 4.20 shows block diagram structure in MATLAB/SIMULINK for
asymmetric hybrid multilevel inverter with equal DC sources. Fig. 4.21 is control block
and Fig. 4.22 control signals for IGBT and GTO bridge. As per Fig. 4.22 it is observed
that GTO H-bnidge is switched at low frequency while IGBT bridge is switched at high

frequency.
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Fig. 4.20 Simulink block for single phase asymmetric hybrid multilevel inverter
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Fig. 4.21 Control block for single phase asymmetric hybrid multilevel inverter with
hybrid modulation technique
As DC voltages sources are equal output is five level output as shown in Fig.

4.23. Fig. 4.24 corresponds to FFT analysis giving TF1D at 23rd cycle with 1500 Hz as

maximum frequency. FFT parameters remains same for all analysis unless and until

specified.

Fig. 4.22 Control signals for asymmetric hybrid multilevel inverter
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ED®®
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Fig. 4.23 Simulink output for single phase asymmetric multilevel inverter with
hybrid modulation technique for equal DC sources
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Fig. 4.24 FFT analysis and THD for asymmetric hybrid multilevel inverter with
hybrid modulation technique for equal DC sources

K)

B) Unequal DC sources
Asymmetric hybrid multilevel inverter with unequal DC sources is obtained by changing

DC sources in Fig. 4.21 as 10V for IGBT H bridge and 20V for GTO H bridge. Control
signals are same as shown in Fig. 4.22. As DC voltages sources are unequal output is

seven level output as shown in Fig. 4.25. Fig. 4.26 corresponds to FFT analysis giving
THD at 23rd cycle with 1500 Hz as maximum frequency. FFT parameters remains same
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for all analysis unless and until specified. It is observed that if DC voltage value is

increased like 100V or more THD remains unchanged in simulation

<o> it |-sfl E3 SSfa o

OUTPUT VOLTAGE

mTime offset: O

Fig. 4.25 Simulink output for single phase asymmetric multilevel inverter with
hybrid modulation technique for unequal DC sources.
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Fig. 4.26 FFT analysis and THD for asymmetric hybrid multilevel inverter with
hybrid modulation technique for unequal DC sources
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4.2.1.2 Single Phase Asymmetric Hybrid Multilevel Inverter with Phase Disposition
Modulation Technique

A) Equal DC sources

Fig. 4.27 shows the output for single phase asymmetric hybrid multilevel inverter
with phase disposition modulation technique and equal DC sources which is equal to
20V. Thus five level output is obtained. While Fig. 4.28 corresponds to FFT analysis
giving THD at 23rd cycle with 1500 Hz as maximum frequency. Other parameters remain

same as above.

Fig. 4.27 Simulink output for single phase asymmetric multilevel inverter with PD
technique for equal voltages
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Fig. 4.28 FFT analysis and THD for asymmetric hybrid multilevel inverter with PD
modulation technique for equal DC sources
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4.2.1.3 Three Phase Asymmetric Hybrid Multilevel Inverter with Hybrid
Modulation Technique
A) Equal DC sources

Fig. 4.29 Simulink output for three phase asymmetric hybrid multilevel
inverter hybrid modulation technique with equal voltages

0 0002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Time offset: 0

Fig. 4.30 One phase output from three phase asymmetric hybrid multilevel
inverter hybrid modulation technique with equal voltages
Fig. 4.29 shows the output for three phase asymmetric hybrid multilevel inverter

with hybrid modulation technique and equal DC sources where voltage is 20V. In three
phase control signals are phase shifted by 120°. Fig. 4.30 shows nine level output for

single leg of three phase asymmetric hybrid multilevel inverter. While Fig.4.31
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corresponds to FFT analysis giving THD at 23rd cycle with 1500 Hz as maximum

frequency. Other parameters remain same as above.
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Fig. 4.31 FFT analysis and THD for three phase asymmetric hybrid multilevel
inverter with hybrid modulation technique for equal DC sources

B) Unequal DC sources

©  |Kd| 5

Fig. 4.32 Simulink output for three phase asymmetric hybrid multilevel
inverter hybrid modulation technique with unequal DC sources

Three phase asymmetric hybrid multilevel inverter with unequal DC sources with
hybrid modulation technique output is shown in Fig. 4.32 with DC sources as 10V for
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IGBT bridges and 20V for GTO bridges. Control signals are phase shifted by 120°. As

DC voltages sources are unequal output is thirteen level as shown in Fig. 4.33. Fig. 4.34
corresponds to FFT analysis giving THD at 23rd cycle with 1500 Flz as maximum

frequency. Other parameters remain same as above.

Fig. 4.33 One phase output front three phase asymmetric hybrid multilevel
inverter hybrid modulation technique with unequal DC sources
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Fig. 4.34 FFT analysis and THD for three phase asymmetric hybrid multilevel
inverter with hybrid modulation technique for unequal DC sources
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422 SYMMETRICAL HYBRID MULTILEVEL INVERTER

Fig. 4.35 Simulink block for five level symmetric hybrid multilevel inverter
Block diagram structure for symmetrical hybrid multilevel inverter is shown in

Fig. 4.35.DC voltage sources are equal. As per switching pattern discussed in chapter 2

simulations are done. f iHcC (c vb “VVAtc
o .
4.2.2.1 Symmetrical Hybrid Multilevel Inverter with Staircase Technique pnr2v | 0ivo
aA——— 3si O ii BBSI

Fig. 4.36 Simulink output for five level symmetric multilevel inverter
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Fig. 4.37 FFT analysis and THD for single phase symmetrical hybrid multilevel
inverter with staircase technique

In symmetrical hybrid multilevel inverter switches are switched at approximately
20 and 58 to obtain 5 level output as shown in Fig. 4.36. To optimize output with
different switching angles can be applied and accordingly THD changes. Fig. 4.37
corresponds to FFT analysis giving THD at 23rd cycle with 1500 Hz as maximum

frequency.

4.2.2.2 Single Phase Symmetrical Hybrid Multilevel Inverter with Phase Shift
Modulation Technique

Sire >=
'

Constant
Sine <= 967
Constant

Carner

Fig. 4.38 Control block for single phase symmetrical hybrid multilevel inverter with
phase shift modulation technique
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Fig. 4.38 control block for single phase symmetrical hybrid multilevel inverter
with phase shift modulation technique. Fig. 4.39 shows carrier and modulating signal for

PS technique for single phase symmetrical hybrid multilevel inverter.

Fig. 4.39 Carrier and modulating signal for symmetrical hybrid MLI with PS
technique

g@ E2 S BED®

Fig. 4.40 Single phase output for symmetrical multilevel inverter for PS modulation
Fig. 4.40 shows 5 level output voltage where each source is 20V and phase shift
modulation technique is applied. Frequency modulation index is approximately 43. Thus

output can be changed with different modulation index for amplitude and frequency
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hence THD will change accordingly. Fig. 4.41 corresponds to FFT analysis giving THD
at 23rd cycle with 1500 Hz as maximum frequency.
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Fig. 4.41 FFT analysis and THD for single phase symmetrical hybrid multilevel
inverter with PS modulation

4.2.2.3 Three Phase Symmetrical Hybrid Multilevel Inverter with Phase Shift
Modulation Technique

I- 1f6]f*|
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Time offset: O

Fig. 4.42 Three phase output for symmetric multilevel inverter for PS modulation

Output for three phase symmetric hybrid multilevel inverter is shown in Fig. 4.42
with DC sources as 20V. Control signals are phase shifted by 120°. Fig. 4.43 shows nine

level output for single leg of three phase symmetric hybrid multilevel inverter. Fig. 4.44
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corresponds to FFT analysis giving THD at 23rd cycle with 1500 Hz as maximum

frequency. Other parameters remain same as above.

Fig. 4.43 One phase output from three phase symmetric hybrid multilevel inverter
PS modulation technique
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Fig. 4.44 FFT analysis and THD for three phase symmetric hybrid multilevel
inverter with PS modulation technique

423 HALF BRIDGE MODULES BASED HYBRID MULTILEVEL INVERTER

Block diagram structure for single phase half bridge module based hybrid
multilevel inverter is shown in Fig. 4.45. DC voltage sources are equal. In this topology
half bridges are connected as shown and as per connection output is asymmetric four

level output with positive levels greater than negative levels. Hence as shown in Fig.4.45
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constant is added to obtain symmetric output across zero level [Fig. 4.4].

Fig. 4.45 Simulink block for half bridge module based hybrid multilevel inverter

4.2.3.1 Single Phase Half Bridge Modules Based Hybrid Multilevel Inverter with
Phase Disposition Modulation Technique
Fig. 4.46 shows carrier and modulating signal for PD technique for single phase

half bridge modules based hybrid multilevel inverter.

3 <% Ka O fl

vvvavyvy

Fig. 4.46 Carrier and modulating signal for half bridge module based hybrid MLI
with PD technique
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Fig. 4.47 shows 4 level output voltage where each source is 20V and phase
disposition modulation technique is applied. Frequency modulation index is
approximately 43. Thus output can be changed with different modulation index for

amplitude and frequency hence THD will change accordingly. Fig. 4.48 corresponds to
FFT analysis giving THD at 23rd cycle with 1500 Hz as maximum frequency.

Fig. 4.47 Single phase output for half bridge modules based hybrid multilevel
inverter for PD modulation

Signal to analyze Auvailable signals
(S' Display selected signal O Display FFT window Structure
Selected signal: 25 cycles. FFT window (in red): 23 cycles topo3
Input
Input 1 v

Signal number:

1 v

o2 - 03 FFT window
Time (s) Start time (s): 0

Number of cycles: 23
= = 0
Fundamental (50Hz) = 27 , THD= 1 88% Fundamental frequency (H2):
iso
FFT settings
Display style

Bar (relative to fundamental) v

Frequency axis:

My @oof Fundanrental)

. Harmonic order s*
L' LL. I . I . Max Frequency (Hz):
0 5 10 15 20 25 30 1500
Harmonic order
| Display....] | Close

Fig. 4.48 FFT analysis and THD for single phase half bridge module based hybrid
multilevel inverter with PD modulation
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4.2.3.2 Three Phase Half Bridge Module Based Hybrid Multilevel Inverter with
Phase Disposition Modulation Technique

Fig. 4.49 Three phase output for half bridge module based multilevel inverter for
PD modulation

Output for three phase half bridge module based hybrid multilevel inverter is shown in
Fig. 4.49 with DC sources as 30V. Control signals are phase shifted by 120°.

Fig. 4.50 shows seven level output for single leg of three phase symmetric hybrid
multilevel inverter. Fig. 4.51 corresponds to FFT analysis giving THD at 23rd cycle with

1500 Hz as maximum frequency. Other parameters remain same as above.

Fig. 4.50 One phase output from three phase half bridge module based hybrid
multilevel inverter PD modulation technique
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Fig. 451 FFT analysis and THD for three phase half bridge module based hybrid
multilevel inverter with PD modulation technique

Table 4.1 MATLAB simulation summary

. . Output THD

Topology Phase  Modulation Technique Levels %
1 - 5 21.92

| PD 5 131

Cascaded multilevel inverter 1 — 7 9.51
1 PD 7 0.93

1 — 9 53

1 HYBRID 5 0.8

Asymmetric hybrid multilevel inverter ! PD 5 117
3 HYBRID 9 0.64

. . . . 1 PS 5 1.27
Symmetrical hybrid multilevel inverter 3 PS 9 107
Half bridge modules based hybrid 1 PD 4 1.88
multilevel inverter 3 PD 7 1.59

43 SUMMARY

Different MATLAB simulations are done for cascaded multilevel inverter and
hybrid multilevel inverter. Comparison is done on basis of THD. Results are summarized
in Table 4.1. It is observed that for particular modulation index THD does not vary much
with change in modulation technique. Number of stages, number of switches, number of
sources, number of capacitors, overall cost etc. are the selection criteria for given

application.
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