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ABSTRACT: A three phase five level pulse width modulated cascaded switched voltage source inverter topology has
two cascaded units in each phase leg and the cascaded units called H-bridge. Switch legs of these H-bridge are
separated by a balancing capacitor or switched capacitor and a diode. The upper three H-bridge modules in the
topology have distinct dc input voltage source and the lower three H-bridge modules have a common dc input voltage
source. To generate gating signals for power semiconductor switched a single carrier sinusoidal pulse width modulation
(SC-PWM) is employed. SC-PWM is hybridised so that the output voltage of three phase five level pulse width
modulated cascaded switched voltage source inverter inherit features of switching losses reduction from Fundamental
Pulse Width Modulation (FPWM) and better harmonic performance from Multiple Sinusoidal Pulse Width Modulation
(MSPWM). In order to overcome uneven switching losses, a sequential switching scheme is interpolate with the
already employed Hybrid modulation. Further to obtain resultant Sequential Switching Hybrid Pulse Width Modulation
(SSHPWM), a simple PWM is also introduced that balances dissipation of power among the two cascaded H-bridge
power modules.

KEYWORDS: Total Harmonic Distortion, Hybrid Modulation Scheme.
I. INTRODUCTION

For more than four decades since 1975 as the multi level converter's concept given by R.H Baker & L.H Bannister
(1975), multilevel converters have been in under research and development and have established successful
applications in industry. Multilevel term begins with three level. The first three level converter is given by A. Nabae, 1.
Takahashi & H. Akagi (1981). However there is still a technology under development and there are several new
commercial topologies which have been reported in the last certain years given by R.H Baker (1981), P.W Hammond
(1977), F.Z Peng & J.S Lai (1997), P.W Hammond (2000), M.F Aiello, P.W Hammond & M Rastogi (2001), J.P
Lavieville, P. Carrere & T Meynard (1997) (1998), T.A Meynard & H. Foch (1992). To achieve higher power,
multilevel has eliminatory concept, is to use a series of switches with several dc voltage sources. Conventional
multilevel topologies have undesirable features such as over-voltage problem, fluctuations, link voltage controller,
several isolated dc voltage source and so on. To reduce these conventional multilevel inverters drawbacks, a three-level
pulse width modulated switched voltage source inverter is given by W.S Oh, S.K Han, S.W Choi & G.W Moon (2005).
In this topology, each phase leg has two switches one is flying capacitor and other one is diode. The three level output
of this topology is Vs, 0, -Vs. This topology does not have voltage imbalance problem as given by B.R Lin (2000) and
have phase voltage twice as high as conventional multilevel topologies. But this topology has disadvantages like high
THD and unequal distribution of switching losses among constituting power semiconductor switches. Therefore this
topology's efficiency and reliability heavily affected by the above saying disadvantages for high power applications. In
recent years more cascaded multilevel inverter topologies have been presented with different control techniques for
both single and three phase. The purpose of this dissertation is to observe recent topology of multilevel inverter in order
to set up current state of art and trends of technology to give reader with a detailed and insightful review of where
technology of multilevel inverter stands and heading. Multilevel inverter has attracting interest because of the reasons;
high power quality, lower switching losses, improve harmonic performance, increased power ratings and reduced EMI
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which can be achieved by the use of multiple dc-levels. Nowadays, multilevel inverter have received huge attention for
medium voltage and high power applications. The present work provide an efficient topology which suits for medium
voltage and high power applications.

1. OPERATION AND CIRCUIT CONFIGURATION

The Three phase five level PWM cascaded SVS Inverter is a hybrid of Three-level Switched Voltage Source Inverter
and Cascaded Multilevel Inverter is shown in Fig. 1. The H-bridge modules in upper side of Switched Voltage Source
Inverter have separate dc voltage sources whereas The lower side modules share a common dc voltage source. Proper
switching of any H-bridge inverter module can generate three output voltage levels: Vs, 0, -Vs. In each phase leg a
maximum five output voltage level can be generated: 2Vs, Vs, 0, -Vs, -2Vs. At the load terminal nine output line to line
voltage are generated.

DC17_

Fig. 1: Circuit arrangement of three phase five level PWM cascaded SVS inverter Circuit arrangement of three phase
five level PWM cascaded SVS inverter

Each module independently can be operated with a single input voltage source. When consider the upper module in

phase 'a' leg, basic operational modes have shown in Fig. 2 for each constituting H-bridge module of three level SVS
inverter. Due to employed Hybrid modulation technique in switching scheme, two switching states are used to generate
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0V in first and second periods of the output voltages. The switching states of active power semiconductor switches
corresponding to the synthesised output are summarised in Table 1 & 2.
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Fig. 2: Operational modes of three phase three level SVS inverter

Table 1: Switching states of phase 'a’ of three phase five level pulse width modulated cascaded SVS Inverter for first

period
Phase Switching States
Voltage First Period
Vo S1au Soau Szau Ssau S1ap Soap Szap S4ap
2Vs 1 0 1 0 1 0 1 0
Vs 1 0 1 0 0 0 0 0
0 1 1 0 0 0 0 1 1
-Vs 0 1 0 1 0 0 0 0
-2Vs 0 1 0 1 0 1 0 1

Table 2 : Switching states of phase 'a’' of three phase five level pulse width modulated cascaded SVS Proposed Inverter

for second period

Phase Switching States
Voltage Second Period
Vo S1au Soau Szau Ssau S1ap Soap Szap S4ap
2Vs 1 0 1 0 1 0 1 0
Vs 1 0 1 0 0 0 0 0
0 0 0 1 1 0 0 0 0
-Vs 0 1 0 1 0 0 0 0
-2Vs 0 1 0 1 0 1 0 1
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1. MODULATION SCHEME

Single carrier sinusoidal PWM (SC-PWM) is a resultant of multi sinusoidal reference signals with a frequency of f,
(fundamental) and amplitude of V,, and one carrier signal. Number of sinusoidal reference signals require according to
number of converter cells. Carrier signal is a train of triangular waveform with desired frequency of fc and amplitude of
Vc. The N-level SC-SPWM needs M modulation signals that have same frequency f, and amplitude V,, with a DC bias
of V¢ as difference between them. M is given by
M ={(N—-1)/2}
where N is number of levels
Amplitude modulation index (M,) and Frequency modulation index (M) is given by

Vi
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It is observe from Fig. 4 that switching transition distribution's is determined by Amplitude modulation index (M,). N;
is the number of switching transition that occur between 0 level to 1* level and N, is the number of switching transition
that occur between 1% level to 2™ level.
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Fig. 3: Single phase five level cascaded VSI
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Fig. 4: SC-SPWM technique
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Fig. 5: Output Voltage waveform of single phase five level cascaded VSI

Table 3: Summary of switching transition distribution defined by SC-SPWM against amplitude modulation index (M,)
with frequency ratio (M; = 1000Hz)

Region Amplitude Modulation Index (M,) Distribution ratio (N,/N;) by
SC-SPWM
3-Level waveform M.<0.506 10/0
5-Level waveform 0.507 <M, <0.525 9/2
5-Level waveform 0.526< M, <0.561 712
5-Level waveform 0.562 <M, <0.618 7/4
5-Level waveform 0.619 <M, <0.707 5/4
5-Level waveform 0.708 <M, <0.850 5/6
5-Level waveform 0.851<M,<1 3/6
5-Level waveform 1.01<M,<1.236 3/5
5-Level waveform 1.237 <M, <1.618 3/3
5-Level waveform 1.619 <M, <1.701 1/3
5-Level waveform 1.702< M, 1/1

Two switching states are used for generation of 0 V in first and second period with the help of hybrid modulation
employed in the switching scheme. Hybrid modulation technique is the combination of fundamental frequency pulse-
width modulation (FPWM) and multi-sinusoidal pulse-width modulation (MSPWM), so that output inherits features of
switching loss reduction form FPWM and good harmonic performance from MSPWM. Logic signals A and B as
shown in Fig are used at fundamental frequency f.,, to hybridise the modulation technique herein. A sequential
switching scheme is embedded with the employed hybrid modulation to overcome unequal switching losses and
therefore differential heating among power semiconductor devices in H-bridges because it is important to share power
loss to every power semiconductor device in a cell/unit and furthermore among all the cascaded modules for long
operating time expectancy. The logic signals C and D as shown in Fig at half of the fundamental frequency (f../2) are
used to equalise the switching losses and make every power semiconductor switch operating at MSPWM and FPWM in
each H-bridge to have equal power loss. A resultant sequential switching hybrid pulse-width modulation (SSHPWM) is
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obtain by introducing a simple base pulse-width modulation (PWM) scheme that balances dissipated power among two
cascaded h-bridge modules in all the three phase legs. The logic signals E and F at 1/4" of fundamental frequency (f.,/4)
are used to achieve this balances of power dissipation for phase a.

The basic principle behind generating gate signals begin with comparison of modulating signals with the carrier wave.
In actual gate signals are generated by logical combinations of the results of the comparisons and the base square
waveform having frequencies of (fy), (fn/2) and (f,/4). The first square wave at frequency (f, ) can be easily obtained
from J-K flip-flops configures in toggle mode and clocked at frequency of (2f). Similarly second square wave at
frequency (f/2) and third square wave at frequency (f,/4) can be easily obtained from J-K flip-flop configures in toggle
mode and clocked at frequency of (f) and (f/2) respectively.

The gating signals of phase a are given by the use of logical AND, OR, NOT gates.
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Fig. 7: Modulating, carrier and logic signals for phase 'a' leg
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Fig. 8: Gating signals for phase 'a' leg
IV. NEED OF SNUBBER INDUCTOR

The Capacitor C is charged to a constant input voltage Vs and hence regard as a constant voltage source but in real time
operation a slight difference between the real capacitor voltage (V¢) and the dc input voltage (Vs). This difference may
cause an inrush current on switch S,y and diode when switch turn on. This inrush current is avoided by placing a small
snubber inductor L between diode and capacitor. Operation of three phase five level pulse width modulated cascaded
switched voltage source inverter does not affect by placing of inductor.

Fig. 8 shows one of the switching circuits of switched voltage source inverter given in Fig. 2 depicting buck operation.
The snubbber inductor L is quite small and buck converter circuits in Fig. 8a and 8b operate in discontinuous
conduction mode. In this mode of operation, V (voltage conversion ratio) is given by

Vo _y 2

Vi 1+ JL+Gu/D))

where © = (L/RTy)

Ts = switching period
R =load resistance

D = Duty ratio

Copyright to IJAREEIE DOI:10.15662/IJAREEIE.2017.0605048 4057


http://www.ijareeie.com

ISSN (Print) : 2320 — 3765
ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering
(An 1SO 3297: 2007 Certified Organization)
Website: www.ijareeie.com
Vol. 6, Issue 5, May 2017

The design equation of L is given by
2

D*[/2
L:RTS? (M—l) -1

Ve (L—My)?[r2 2
= TETS¥[(V‘ 1) - 1]
where V¢ is Capacitor Voltage

I,_is inductor current

Ts is switching period

M, is Amplitude modulation index

V is voltage conversion ratio
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Fig. 9: Operation of SVS inverter module depicting buck converter
a Half-bridge leg of Phase 'a'
b Powering Mode

¢ Freewheeling mode
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The value of balancing capacitor in Farad is given according to the impedance of load connected means there is no
change in the impedance value whether capacitor is working or not because load current value remain almost constant
throughout the working of inverter. So when S2, S4 will on in second half of first period, balancing capacitor acts as
source and feed the load. After Switching on of S1, S4 gets off and capacitor starts charging. An inrush current will
flow through switch S1 due to negligible resistance of capacitor and switch will damage. To avoid this situation
snubber inductor L as indicate above is connected between diode and capacitor and derived according to above formula
where other values are R =20Q, Vo =100V, Ts=3.33e™sec, M, = 2, V = 0.9, I, = 6.36A consider for simulation.

V. SIMULATION RESULT AND DISCUSSION

Matlab Simulink Simulation has done for the operational principles of three phase five level pulse width modulated
cascaded switched voltage source inverter as shown in Fig. 6, Fig. 7 for phase 'a', and for switching scheme as shown in
Table 1 and Table 2.

A balanced three phase star connected R-L load with 20 Q resistance and 63.98 mH inductance per phase were used.
Load power factor is 0.705 and balancing capacitor C of value 31.8 mF and snubber inductor of value 0.32 mH were
used as calculated. Single carrier triangular wave of 3 KHz frequency and input voltage of 100V were used.

The Output phase voltage waveforms exhibit five levels: 2Vs, Vs, 0 -Vs, -2Vs as shown below.

v
Ve ! ! | ! | ! !

[
T
.

Fig. 10: Output Phase voltage waveforms of three phase five level pulse width modulated cascaded SVS inverter

The output line voltage waveforms exhibit nine levels: 4Vs, 3Vs, 2Vs, Vs, 0 -Vs, -2Vs, -3Vs, -4Vs as shown below

Copyright to IJAREEIE DOI:10.15662/IJAREEIE.2017.0605048 4059


http://www.ijareeie.com

ISSN (Print) : 2320 — 3765
ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering
(An 1SO 3297: 2007 Certified Organization)
Website: www.ijareeie.com
Vol. 6, Issue 5, May 2017

k|
E [ -] [ [ ] HE [ EF ==

Fig 11: Output line voltage waveforms of three phase five level pulse width modulated cascaded SVS inverter

Below table shows the THD% in Output Line and Phase voltages waveform of three phase five level pulse width
modulated cascaded switched voltage source inverter at different Amplitude Modulation Index (M,).

Table 4: Summary of THD% against Amplitude Modulation Index (M,) of three phase five level pulse width
modulated cascaded SVS inverter

THD(%)
Amplitude Modulation Index (M,)
Line Voltage Phase Voltage
0.5 41.28% 53.29%
1 21.67% 27.43%
1.25 14.86% 22.03%
1.5 13.32% 23.14%
2 12.26% 27.07%
2.5 13.85% 30.72%
3 15.72% 32.79%

Graph representation of THD% along with output line and phase voltages:-

Copyright to IJAREEIE DOI:10.15662/IJAREEIE.2017.0605048 4060


http://www.ijareeie.com

ISSN (Print) : 2320 — 3765
ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical,

Electronics and Instrumentation Engineering

(An 1SO 3297: 2007 Certified Organization)
Website: www.ijareeie.com
Vol. 6, Issue 5, May 2017

50.00%

—THD(%) Line Voltage

50.00%

40.00%

THD(%) Phase Voltage

30.00%

THD(%)

20.00%

10.00%

0.00%

0.5 1 1.25 1.5 2 2.5
Amplitude Modulation Index {Ma)

Fig. 12: Graph of THD% against Amplitude modulating index (M,)

Harmonic spectrum of one of line voltage waveform is done wherein THD of value 12.26% is achieved at Amplitude

modulation index (M,) = 2.
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Fig. 13: Harmonic spectrum of line voltage waveform at M, = 2
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VI. CONCLUSION

In the thesis a brief summary of three phase five level pulse width modulated cascaded SVS inverter has provided with
less number of input dc voltage source for both medium and high power application.

The three phase five level PWM cascaded SVS inverter generates five level output phase voltages and nine level output
line voltages with only four dc input voltage sources. Hybrid SC-SPWM modulation is a combination of FPWM and
SC-SPWM and inherit the features of switching loss reduction from FPWM and good harmonic performance from
MSPWM with same physical structure. Also a sequential switching scheme is interpolate with Hybrid SC-SPWM to
overcome unequal switching losses among power semiconductor switches. Further to get resultant Sequential
Switching Hybrid Pulse Width Modulation scheme (SSHPWM), a simple base PWM circulation scheme is also
introduced. The resultant (SSHPWM) then balances dissipation of power among two cascaded modules in all the three
phase legs. The operating principles and switching patterns generation have been discussed in the previous chapter 4 in
detail. Besides equalising the switching losses has been achieved among power semiconductor devices. In effect three
phase five level pulse width modulated cascaded switched voltage source inverter topology has been modularised. The
output line voltages of three phase five level pulse width modulated cascaded SVS inverter has a better harmonic
performance of 12.26% THD at Amplitude modulation index of 2.

Simulation of three phase five level pulse width modulated cascaded SVS inverter has been done for an R-L load and
appropriate results have been presented.
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