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Abstract- In this paper, a new topology for Multilevel Inverter (MLI) with reduced switch count is proposed with an
asymmetric dc source configuration. This configuration is used to double the output voltage level in multilevel inverter based
on switched dc sources by adding two switches with dc sources. The increased number of levels in the output voltage reduces
the filtering requirements. The working principle of the proposed asymmetric inverter is presented through the single phase
fifteen level inverter. The harmonic contents of different modulation indices are examined. The performance analysis of the
inverter is compared with trapezoidal and Sinusoidal Pulse Width Modulation (SPWM) in terms of Total Harmonic Distortion
(THD), fundamental rms voltage (Vrms) and Crest Factor (CF). The simulation results for the same are evaluated using

MATLAB/SIMULINK.

Keywords Asymmetric, crest factor, multilevel inverter, pulse width modulation, total harmonic distortion.

1. Introduction

The multilevel inverter is one of the most researched
areas in recent years. The aim of multilevel inverter is
established on the forming of high quality output voltage
waveform with less harmonic distortion and hence it reduces
the size of passive filter requirements. So it is more suitable
for high voltage and high power industrial applications as
compared to the conventional two level inverters [1]. When
the number of levels increases, the usage of switches with
gate drive circuits also increases, thereby, resulting in
increased complexity and cost. Diode Clamped Multilevel
Inverter (DCMLI), Flying Capacitor Multilevel Inverter
(FCMLI) and Cascaded H Bridge Multilevel Inverter
(CHBMLI) are the classical topologies of multilevel
inverters. But the drawback of classical MLIs is that the
number of switches increases and the cost also goes up when
the topologies are expanded for a higher number of levels
[1, 2]. Therefore the challenge is to reduce the switches in

multilevel inverter topologies. Some of the possible methods
are described here in to reduce the switches. Such methods
are inverter structural modification, usage of asymmetric
source instead of symmetric source and combination of
structural ~ modification ~ with  asymmetric ~ source
configuration. A new inverter topology utilizing both
bidirectional and unidirectional switches, capable of
synthesizing all possible additive and subtractive
combinations of the input dc levels are developed [2, 3]. The
series connected switched sources structure [4, 5] and cross
connected switched MLI [6, 7] utilizes only unidirectional
switches and voltage levels may differ based on the input
voltage source either symmetric or asymmetric. Symmetric
multilevel inverter dc sources are equal in magnitude.
Asymmetric multilevel inverter dc sources are not equal in
magnitude. Gupta et al [4, 5, and 8] proposed a novel
multilevel inverter based on switched dc sources. In this
configuration alternate dc sources are linked in opposite
polarities via power switches [4]. This configuration has
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“K ’ number of input dc sources with ‘2K + 2 * number of
switches. Number of dc source and type of dc source (either
symmetric or asymmetric) determines the maximum number
of levels in the output voltage waveform. Symmetric dc
sources were used to produce ‘2K +2’ output voltage
levels [4,5,8]. The trinary dc source (1:3:9...) is not suitable
for this configuration and also binary dc source (1:2:4...)
cannot be employed when more than two dc sources are
available. In this case when three dc sources are considered,
there is no possible combination to give an output voltage of
Vi1tV V-V, Vace-Vaes and Vger-Vaes [4-8]. In [9],
binary configuration employed satisfactorily when the
existing network is combined with the cascaded H bridge
inverter. It produces 15 level output voltage waveform with
1:2:4 ratio dc sources. Originally the structure of inverter was
proposed by Liao et al [10] for distributed energy resources.
A level doubling network (LDN) is analyzed by adding an
extra network with the rest of MLI configuration. The
approach is valid for any MLI configuration [11, 12]. In [13],
a LDN concept is utilized [4, 5, 6] with symmetric dc
sources. This paper proposes a new configuration to almost
double the output voltage level in an existing MLI [5] by
adding only two switches with dc sources. The existing MLI
operate at asymmetric condition in proposed configuration.
Advance Pulse Width Modulation is used to improve the
performance of the output voltage. Trapezoidal PWM is one
of the types in it that gives better rms voltage compare to the
SPWM. Sine and Trapezoidal PWM techniques are used to
trigger the gate of the switches with Phase Disposition (PD),
Alternative Phase Opposition Disposition (APOD), Phase
Opposition Disposition (POD) and Variable Frequency (VF)
carrier techniques. Sinusoidal pulse width modulation
(SPWM) offers lower THD, whereas Trapezoidal PWM
offers higher fundamental rms voltage. The proposed inverter
configuration can generate 15 level output voltage and each
level is equal to the smallest input voltage.

2. Arrangement of dc Sources

To increase the number of levels in the output voltage,
different combinations of input dc sources are assumed in the
following aspects.

Unary arrangement consists of all dc sources are in equal
magnitude or voltage which is called Symmetric source
arrangement.

where (K =1,23....n)

By using this arrangement, ‘2K +1 ' combination of
levels can be generated in the output voltage.

Binary arrangement consists of all dc sources which are
not in equal magnitude or voltage. They also have a
geometric progression of 2’ which is called Asymmetric
Binary source arrangement.

where (K=1.23....n)

The above formula can be utilized for <2<+ _—1°
combination of levels in the output voltage.

Trinary arrangement consists of all dc sources which are
not in equal magnitude or voltage. They also have a
geometric progression of ‘3’ which is called Asymmetric
Trinary source arrangement.

where (K=1,23......n)

By using Trinary arrangement the number of level in the
output voltage is * 3" .

Quasi linear arrangement consists of all sources are not
in equal magnitude or voltage and it can be expressed as

Different dc source arrangements can generate different
number of levels in the output voltage waveform. The results
with three dc sources are summarized in Table 1. From the
Table 1, it is concluded that if more than two dc sources used
in the circuit, Trinary arrangement will give better number of
levels compare to other arrangements.

3. Operation of Proposed Topology

The proposed configuration is realized by adding the
extra network in the existing MLI which is shown in Fig.1
[5] and it can generate almost double the number of levels in
the output. The general structure of single phase proposed
configuration is shown in Fig 2 (a). The existing MLI (shown
in Fig.1) cannot operate for binary configuration when more
than two dc sources are used. Natural sequence of number
(1, 2, 3....) dc sources is adapted for this configuration to
generate the number of levels in the output voltage. The
placement of dc sources is equally important to produce the
maximum number of levels. The placement of dc sources in
different position (up to five number of dc sources) are
tabulated in Table 2 and also in literature [5].
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Fig.1. Generalized single phase structure of existing
configuration
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To derive the general formula of the number of levels in
the output voltage, let us consider the value of dc sources in

the following condition.

Table 1. Different dc source arrangements and their corresponding number of levels

S.No Type of dc source . General output Number of level in
Type of dc source Ratio of dc sources

arrangement voltage formula | the output voltage

Symmetric Unary 1:1:1.. 2K +1 7

Natural number 1:2:3:... K2+ K +1 13

Sequence
Binary 1:2:4:... 2(K+1) -1 15
Asymmetric
Trinary 1:3:9:.. 3" 27
Quasi Linear 1:236... 1+> 23" 19
k=2

Even number of dc sources
(2i =1V ge...... for(l<i <K /2)

Vs = for[ngjsigK...(G)

2(K +1—i)V,,

Odd number of dc sources
(2i —)V georoo-fOr@<i < (K +1)/2)

Vdei = 3jsis K...(7)

2K +1—i)V,. for[ K+

The possible peak value of the output voltage of the inverter
is

Vo - dczi
i=1
v, :Vdc[ K(K2+1)j

From the above equation the possible peak value of the
output voltage can be determined. The positive half cycle
will have [i'j number of levels excluding the zero level.

i=1
So, the number of levels in the output voltage waveform is
evaluated as

P:Z[iz';:ij+l
P=KZ2+K+Lioieieeeeeeeeen, (8)

Here ‘P’ represents the number of output voltage levels
and ‘V,’ represents the possible peak value output voltage.

To increase the number of levels in output voltage, different
asymmetric configurations are described in section 2. The
disadvantage of these configurations is the requirement of
high voltage dc sources. In the proposed configuration,
addition of extra network in the existing MLI leads to almost
double the output voltage level. The value of dc sources are
required only at V4o =Vex = 0.5V,

So, the output voltage level of the proposed inverter
configuration is

P=[2x(k?+K+1)+1].orrcreen. (9) Where (K=23....)

The above equation can be derived from the equation 8
because the proposed inverter can generate to almost double
the output voltage level.

Table 2. Placement of dc source in proposed configuration

Number
of dc Vi | Ve Vi | Vi | Ve
sources
1| Ve | - . -
2 | Ve | Ve | - -
3 | Ve | Ve | Ne | - | -
4 Ve 3V VAVER 2V e -
5 Ve 3Vqe 5Ve ANy | 2V

The proposed configuration which is shown in Fig. 2(b)
can generate fifteen level output voltage whereas the existing
configuration (Fig. 1) without the extra network (i.e. V4 and
Vex) €an give only seven level output voltage. The modes of
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operation for 15-level output voltage of the proposed
configuration are summarized in table 3. For the positive
voltage level the voltage source Vg and the switch S,
conducts electricity. For the negative voltage level, the
voltage source V. and the switch Sg conducts electricity.

S,/ /Sn+1
S
5 ; s,/ Ve [*
T sy Vaa s [ L] v _||_
Cou [y (Vg fof " T s [}
1 A I s ( A
D D

2/ 2 /5:
: L_n_s_lvdcx
s/ /5

33[ Ve rsm

(@) (b)

Fig.2(a) Generalized structure for single phase proposed
configuration. (b) Proposed configuration for the fifteen level
output voltage

The value of dc sources in extra network is equal to the
voltage of 0.5Vy,. Mode 1 and 9 become a redundant state
for zero level output voltage. Mode 1 to Mode 8 used for
synthesis of positive levels and mode 9 to mode 16 used for
synthesis of negative levels including zero level. When
Mode 1, Mode 3, Mode 5 and Mode 7 alone operate (without
extra network) the proposed inverter generates 7 level output
voltage (Vger, V2w VaartVaee). When the extra network
comes into operation, we get 15 level output voltage in the
positive half cycle. In this case Mode 2, Mode 4 Mode 6 and
Mode 8 operations are added with the previous operating
modes (VdCX1 Vdcl+Vdc><x VdCZ+VdCXl Vdcl+Vd<:2+Vdc><)-
Similarly, in the negative half cycle, the output voltage levels
(-Vgex 10 — (Vge1tVaeotVax)) can be synthesized using the
modes 9 to 16. It is observed that the proposed inverter
generates an odd output voltage levels in both positive and
negative half cycle with the extra network whereas the extra
network is bypassed when an even output voltage level is
produced in both positive and negative polarity. The
proposed inverter is well suited for renewable energy
application such as solar panel or fuel cell. Because the
structure contains individual dc sources, it can be easily
replaced by the solar panel or fuel cell depends on the rating.

Table 3. Operating modes with switches and corresponding
output voltage for the proposed 15 level inverter

Mode | On state switches | Output Voltage
1 S4 Ss, Se 0
2 S4,S6, S7 Viex
3 S1, S5, S6 Vi1
4 S1,S6,S7 Vet Vex
5 S3,54, S5 Vie2

6 S3,54,57 V2t Viex

7 S1,S3,Ss VicrtVie

8 S1, 83, Sy Vier+VacatViex
9 S1.5, S5 0

10 S1,S3,Sg “Viex

11 S2,.53.5, Vi1

12 S3,S4, S “VierViex
13 5.5, Se Ve

14 S1,S6, Sg “Vic-Viex:
15 S5 S4, Se “Vae1-Vie
16 S4, Ss, Se “Vier~Vieo-Vex

4. Switching Scheme

Both high and low switching frequency modulation
techniques have been employed for multilevel level control
scheme. Carrier based pulse width modulation and space
vector modulation techniques are the high switching
frequency modulation techniques. Active harmonic
elimination, selective harmonic elimination and fundamental
frequency techniques are considered as low switching
frequency techniques [4]. With suitable compliance, any one
of these techniques can be used for the control of switches in
the proposed configuration. In this paper, the switching
scheme is exhibited through the Multi carrier Pulse Width
Modulation (PWM). Advance PWM includes Trapezoidal
modulation, Staircase Modulation, Stepped Modulation,
Harmonic injection modulation, and Delta modulation to
improve the performance parameters of the output.
Compared to the SPWM, Trapezoidal PWM offers several
advantages like production a higher fundamental output
voltage, simplicity and ease of implemention. Trapezoidal
signal itself constitutes of two linear segments, especially the
horizontal line and slope line. The shape of the trapezoidal is
completely depends on the location of its slope and angle
(Fig. 3(b)). The harmonic contents will vary with respect to
the shape of trapezoidal reference wave [14]. In bipolar
switching, the multilevel inverter requires ‘p-1’ carriers for
‘p’ level inverter. The comparison of both SPWM and
trapezoidal PWM techniques for different level shifting
PWM is described. Triangular wave is considered as the
carrier signal for both PWM techniques. Level shifting PWM
is divided into two groups, namely constant switching
frequency and variable switching frequency. Phase
Disposition (PD), Phase Opposition Disposition (POD) and
Alternative Phase Opposition Disposition (APOD) are the
subdivisions of the constant switching frequency. The
frequency of the reference signal determines the output
voltage frequency, and the peak amplitude of the reference
signal controls the modulation index and output voltage
level. Sine reference for SPWM and trapezoidal reference for
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trapezoidal PWM with multi carrier triangular carrier
waveforms are used to generate the PWM pulse pattern of
the proposed MLI.

4.1. Level shifting Pulse Width Modulation

The level shifting pulse width modulation is most
popular and very simple to implement. Constant switching
frequency and Variable switching frequency are the
subdivisions of level shifting PWM. Sinusoidal and
trapezoidal pulse width modulations are used for both
switching frequency. Here, ‘p-1’ carriers with amplitude ‘4.’
and frequency .’ are disposed such that the bands they
occupy are contiguous for p-level inverter [15]. The peak to
peak amplitude of reference is ‘4’ and the frequency is 7y, .
The reference signal (Sine and Trapezoidal) is continuously
compared with the each of the ‘p-I’ carrier signals.
Whenever the reference signal is greater than carrier signals
the gating signal (high) is produced. The amplitude
modulation index ‘M, and frequency ratio ‘M;’ is given as

AAAAAA
\'A"A

SV ANAAAAAAAAAAAVAAARAA AT AT
VWVVVWVVVVVWAVVVVVVVVVVVVA

AAAAAAAAAAANANAAAA AT

AN
ZIWAAAAMVVVVWAAAAAAM
R AAAAANAAAAAAAARANANAAAAAAAAAR A
“IWVWWAMAWWWWWANVWWWAWANAAAMAMVAWVN
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Time in secs

(@)
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Fig. 3 (a) and (b) show PD technique for sinusoidal and
trapezoidal PWM respectively. In this all ‘p-1’ carriers are in
phase. Fig. 4 (a) and (b) shows APOD technique for
sinusoidal and trapezoidal PWM respectively. In this
adjacent carrier are 180 degree out of phase with each other.
Fig. 5(a) and (b) shows POD technique for sinusoidal and
trapezoidal PWM respectively, where the positive carriers
(above zero reference) are in phase, but negative carriers are
shifted by 180 degree. In Variable Frequency PWM
technique also ‘p-1’ carriers are used for p-level inverter.
Such carriers are in phase, but the alternating carriers have
different frequency. Fig. 6 (a) and (b) show VF technique for
sinusoidal and trapezoidal PWM respectively.
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Fig.3. Carrier Arrangement for PD technique with (a) SPWM (b) Trapezoidal PWM
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Fig.5. Carrier Arrangement for POD technique with (a) SPWM (b) Trapezoidal PWM
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Fig.6. Carrier Arrangement for VVF technique with (a) SPWM (b) Trapezoidal PWM

5. Comparison of Other Configuration with Proposed
Configuration

The main aim of the proposed configuration is to double
the output voltage levels compared to the existing MLI [5],
by using minimum number of switches. This configuration is
compared with the existing multilevel inverters in terms of
number of switches, number of driver circuits, dc sources
and output voltage levels. Table 4 shows the comparison of
this configuration with existing MLI inverter in terms of
general formula for output voltage level. Fig. 7 (a) shows the
number of dc sources against the number of output voltage
levels for existing asymmetric and proposed asymmetric
configuration. From the Fig.7(a) and Table 4, it is clear that
the output voltage level of this configuration is double the
existing MLI configuration output voltage level according to
the dc sources. Fig. 7 (b) shows the number of dc source
against the number of output voltage levels for proposed
symmetric and proposed asymmetric configuration. In this
comparison, the same number of switches and same number
of dc sources are used to obtain the output voltage levels.
From the Fig.8(b), it is clear that the proposed asymmetric
configuration produces better output voltage waveform when
compared to the proposed symmetric configuration. Here, K
indicates the dc sources of the proposed configuration
without extra network. This configuration without extra
network operates with either symmetric or asymmetric
condition. The extra network dc source values already
explained in section 2. If ‘K’ is 2 and number of switches are

Table 4. Comparison of proposed and existing configurations

6, the existing symmetric configuration delivers 5 level
output voltage and 7 level output voltage delivers in case of
asymmetric configuration. But the proposed symmetric
configuration with an extra 2 (8 switches) switches can
deliver 11 level output voltage and 15 level output voltage
produce in case of asymmetric configuration. In addition, the
value of dc sources is 0.5V for the extra network of
proposed configurations. The comparison is very attractive
when ‘K’ is high. The number of components in proposed
inverter is a crucial factor, which is often argued when
compared to the other multilevel inverters. In DCMLI,
p-level inverter requires ‘p-1’ dc bus capacitors, 2(p-1)’
switches and 2(p-3)’ clamping diodes. The number of driver
circuit is equal to the number of switches. In FCMLI,
2(p-1)° switches, ‘p-1’ dc bus capacitor and ‘(2p-6)/2°
clamping capacitor needs for p-level inverter. For p-level
inverter in CHBMLI, ‘2(p-1)’ switches and ‘(p-1)/2” dc
sources are required. The main advantage of CHBMLI does
not require clamping diodes and clamping capacitor to
extract the output voltage. So, the Table 5 compares the
number of components required for 15-level inverter of
classical configurations like Diode clamped MLI, Flying
Capacitor MLI, Cascaded H-Bridge MLI with proposed.
From table 5 it is clear that the number of switches is reduced
significantly. While all the classical configurations requires
twenty eight switches to give a single phase fifteen level and
the proposed configuration does with only eight switches. In
addition to that, it does not require clamping diodes and
clamping capacitors.

Existing Configuration Proposed Configuration
Components
Symmetric Asymmetric Symmetric Asymmetric
No. of switches (2K +2) (2K +2) [(2K +2) + 2] [(2K +2)+2]
No. of dc source K K (K+2) (K+2)
Output voltage (2K +1) (KP+K+D) | [2@K+D+1] | [2(K2+K +1)+1]
No. of driver circuits (2K +2) (2K +2) [(2K +2) + 2] [(2K +2)+2]
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100
e 1004

o Exisiting

80 = Proposed =— Symmetric

804 *— Asymmetric

No. of levels

No. of d¢ source

(@) (b)

Fig.7. Comparison of number of level with against dc source
(a) Existing asymmetric versus proposed asymmetric (b)
Proposed symmetric versus proposed asymmetric

Table 5. Comparison of classical configurations and the
proposed configuration for 15 level output

Components | DCMLI | FCMLI | CHBMLI Priﬁﬁfe‘j
No. of 28 28 28 8
switches

No. of dc 1 1 7 942
source

Output 15 15 15 15
voltage

No.of driver | g 28 28 8
clrcuits

Clamping

diodes 182 i i i
Clamplng i o1 i i
capamtors

DC bus 14 14 - -
CapaC|t0r

In this comparison, the proposed configuration is
represented by P; which is shown in Fig 2 (b). Babaei et al
[16] proposed a series connection of submultilevel inverter to
generate maximum number of levels for a given dc source
which is represented by R;. A symmetric cascaded multilevel
H-Bridge configuration has been presented [17] and it is
represented by R, in this comparison. The same
configuration with asymmetric source is presented in [18].
The new symmetric dc source MLI by Babaei et al [19] is
represented by Rs;. The reduced switch MLI in [20] is
represented by R, and the configuration is similar to the
switched dc source MLI [4] and it is represented by Rs. The
new MLI topology developed in [21] is represented by Re.
The hybrid structure for symmetric MLI with reduced switch
in [22] is represented by R in this comparison.

Pl
80 e RI
R2
- | v— R3
260 R4
S
= RS .
'*2 40 4 » - R6
S e R7
Z 4
20 5
== T .
H§ & " -
() T T T T 1
0 10 20 30 40 50

No. of level

Fig.8. Comparison of switches with number of voltage levels
of different topology

Fig. 8 compares the number of switches of the proposed
configuration with other aforementioned configurations
against the number of output voltage levels. From the Fig. 8
it is clear that the proposed configuration utilizes lower
number of switches to generate a specific output voltage
level. In addition, the number of switches is equal to the
number of power diodes. As each switch needs a separate
driver circuit, so the number of driver circuits is equal to the
number of switches.

— ::
20 A - R1
R2|
A v R3
5 151 R4
2 < RS/ ®
=1
= 104 R6|
= - R7|
= -
_ -
S -
-
o
0 10 20 30 40 50

No. of level

Fig.9. Comparison of dc sources against with number of
levels

Fig. 9 compares the number of dc sources of the
proposed configuration with the other aforementioned
configurations. As it is clear thatown from the Fig. 9, the
number of required dc voltage sources in the proposed
configuration is less that that in the other configuration. In
addition, the dc source value of the proposed configuration is
less compared to the other asymmetric source configuration.

6. Simulation Result

To examine the proposed configuration, a simulation
model of single phase fifteen level inverter is implemented in
MATLAB/SIMULINK. The performance parameters of the
proposed multilevel inverter are evaluated for SPWM and
Trapezoidal PWM at different modulation indices and their
comparative results are shown in Table 6, 7 and 8. The
inverter is operated in open loop mode. In the previous
section, switching schemes of the proposed inverter are
presented. The simulation parameters for constant switching
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frequency is Vg=60V, V=120V, Vy=Vex=30V. The
switching frequency is 2.5 kHz. The load (R) is 100 Q.
Depending on the modulation index the proposed inverter
output voltage levels will vary. The amplitude modulation
index changes from 0.5 to 1. Table 6 shows the comparison
table of %THD in different techniques for both sinusoidal
and trapezoidal PWM respectively. From the table 6, it is
obvious that the sinusoidal PWM with POD technique have
low %THD when compared to the other techniques in
sinusoidal and trapezoidal PWM. In addition, when the
amplitude modulation index decreases the %THD of the
output voltage waveform increases.

Table 7 represents the comparison of fundamental rms
voltage in different techniques for both sinusoidal and
trapezoidal PWM. From the table 7, it can be understood that
the trapezoidal PWM with APOD techniques offers high Vs
when compared to the other techniques in sinusoidal and
trapezoidal PWM. As the amplitude modulation index
decreases, the output voltage and as well as rms voltage
(Vmms) decrease significantly. Table 8 represents the
comparison of crest factor in different techniques for both
sinusoidal and trapezoidal PWM. It is evident that the value
of crest factor is the same for all modulation indices with
different techniques for both sinusoidal and trapezoidal
PWM.

Table 6. %THD for Sinusoidal and Trapezoidal PWM of different modulation index and its corresponding output voltage

levels
% THD - Sinusoidal PWM % THD - Trapezoidal PWM
Ma Volt(;;;plijévels
PD POD APOD VF PD POD APOD VF
1 8.01 7.6 7.63 7.82 7.94 7.6 7.87 7.91
0.95 15 8.96 8.81 8.76 8.93 9.70 9.55 9.74 9.78
0.9 8.98 8.74 9.28 9.21 10.12 9.89 10 10.05
0.85 9.64 9.57 9.47 9.54 9.27 9.04 9.19 9.28
0.8 13 10.59 10.42 10.41 10.36 11.34 11.28 10.46 11
0.75 10.64 10.56 10.18 10.49 11.64 11.46 11.63 11.63
0.7 11.82 11.66 11.77 11.83 11.38 11.19 11.36 11.36
0.65 11 13.18 13.22 13.29 13.21 13.74 13.67 13.7 13.79
0.6 13.23 13.09 12.95 131 13.51 13.46 13.43 13.56
0.55 15.29 15.06 15.53 15.45 14.43 14.17 14.37 14,52
0.5 ? 17.09 16.89 16.81 16.89 17.43 17.31 17.22 17.35

Table 7. Vs for Sinusoidal and Trapezoidal PWM of different modulation index and its corresponding output voltage levels

" Output Vms - Sinusoidal PWM Vims - Trapezoidal PWM
* | Voltage Levels —pp POD | APOD VF PD POD APOD VF

1 1484 | 1486 | 1484 | 1484 | 1561 156 156.1 156.1
0.95 15 1411 | 1389 | 1411 139 1482 | 1462 1482 146.1
0.9 1336 | 1337 | 1335 | 1335 | 1404 | 1403 140.4 1403
0.85 126.2 126 1262 | 1262 | 1326 | 1326 1326 1327
0.8 13 1188 119 1188 | 1187 | 1249 | 1251 124.9 1248
0.75 1113 | 1112 | 1113 | 1113 | 1173 | 1172 1173 1172

886



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

N.Prabaharan and K. Palanisamy, Vol.5, No.3, 2015

0.7 103.9 104.1 103.9 103.9 109.2 109.1 109.2 109.2
0.65 11 96.48 96.59 96.53 96.49 101.4 101.6 101.5 101.4
0.6 89.03 88.86 88.97 89.02 93.66 93.29 93.62 93.68
0.55 81.59 81.54 81.55 81.64 85.86 86.02 85.83 85.86
05 ’ 74.26 74.3 74.34 74.22 78.35 78.26 78.35 78.43

Table 8. Crest Factor for Sinusoidal and Trapezoidal PWM of different modulation index and its corresponding output voltage

levels
Crest Factor - Sinusoidal PWM Crest Factor - Trapezoidal PWM
M. Volt(a);«:plijetzvels
PD POD APOD VF PD POD APOD VF
1 1.4144 1.4145 1.4144 1.4144 1.4138 1.4147 1.4145 1.4138
0.95 15 1.4139 1414 1.4139 14144 1.4143 1.4138 1.4143 14134
0.9 1.4139 1.4144 1.4142 1.4142 1.4145 1.4148 1.4138 1.4148
0.85 1.4144 1.4143 1.4144 1.4144 1.4148 1.4148 1.4148 1.4145
0.8 13 14141 1.4134 1.4133 1.4145 1.4147 1.4141 1.4147 14151
0.75 1.4142 1.4137 1.4142 1.4142 1.4143 1.4138 1.4143 1.4147
0.7 1.4139 1.4140 1.4139 1.4139 1.4139 1.4143 1.4139 1.4139
0.65 11 1.4138 1.4142 14141 1.4147 1.4142 1.4144 1.4138 1.4142
0.6 1.4144 1.4146 1.414 1.4143 1.4136 1.4139 1.4142 1.4144
0.55 1.4144 1.414 1.4139 1.4147 1.4139 1.4136 1.4144 1.4139
0.5 ? 1414 1.4145 1.4138 1.4147 1.4142 1.4145 1.4142 1414

In this paper, all the output voltage waveform and their
corresponding FFT graph are shown in 0.95 amplitude
modulation index for simplicity and similarity. The inverter
output voltage waveform and their corresponding FFT plot
for PD technique are shown in Fig. 10 (a) and (b)
respectively, with Sinusoidal PWM. Trapezoidal pulse width
modulation for PD technique, the output voltage and their
corresponding FFT graph are shown in Fig. 11 (a) and (b).
The fifteen level output voltage has equal steps of 30V each
and a total harmonic distortion (THD) of 8.98% and 9.88%
for sine and Trapezoidal PWM respectively. The output
voltage waveform and its corresponding FFT graph For POD
technique are shown in Fig. 12 (a) and (b) subsequently with
sinusoidal PWM. Trapezoidal pulse width modulation for
POD technique, the output voltage and their corresponding
FFT graph are shown in Fig. 13 (a) and (b). The total
harmonic distortion (THD) for POD technique with sine and
trapezoidal PWM are 8.80% and 9.74% respectively. The

output voltage waveform and its corresponding FFT graph
for APOD technique are depicted in Fig. 14 (a) and (b)
subsequently with sinusoidal PWM. Trapezoidal PWM for
APOD technique, the output voltage and their corresponding
FFT graph are shown in Fig. 15 (a) and (b). The fifteen level
output voltage have 8.95% and 9.89% total harmonic
distortion for sine and trapezoidal PWM respectively. The
simulation parameters for variable switching frequency is
Vie1=60V, V=120V, Vy= Var = 30V. The Switching
frequencies are 2.5 kHz and 5 kHz alternatively used in
carriers. The single phase load (R) is 100 Q. For VF
technique the output voltage waveform and its corresponding
FFT graph are shown in Fig. 16 (a) and (b) with sinusoidal
PWM. Trapezoidal PWM for VF technique, the output
voltage and their corresponding FFT graph are shown in
Fig. 17 (a) and (b). The total harmonic distortion (THD) of
sine and trapezoidal PWM is 9.04% and 9.98% respectively
for VF technique.

887



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
N.Prabaharan and K. Palanisamy, Vol.5, No.3, 2015

d I ( )=200.9, =8.
j:gﬂ H Fl Fl |.l | L lTun am?nta S?Hz %009 'I:HD 8?6% L L
gl P Fl P fh .

100 =6
§5°I LA N N A 1IN N VAN N | :
g—100 'r 'L ,f 'l- -r 'I- .r IL .r §2< |
L O AL AN L Y I AN
ook W W W ™ Wl 2L Ll el Tnte it cotopion i
0 0.01 002 003 004 005 006 007 008 009 0.1 0 20 40 60 80 100 120 140 160 180 200
Time in secs Harmonic order

() (b)
Fig.10 (a) Output voltage waveform and (b) FFT plot for PD technique with SPWM
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Fig.11 (a) Output voltage waveform and (b) FFT plot for PD technique with Trapezoidal PWM
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Fig.12 (a) Output voltage waveform and (b) FFT Plot for POD technique with SPWM
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Fig.13 (a) Output voltage waveform and (b) FFT Plot for POD technique with Trapezoidal PWM
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Fig.15 (a) Output voltage waveform and (b) FFT Plot for APOD technique with Trapezoidal PWM
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Fig.16 (a) Output voltage waveform and (b) FFT Plot for VF technique with SPWM
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Fig.17 (a) Output voltage waveform and (b) FFT Plot for VF technique with Trapezoidal PWM

Conclusion switches per phase the output voltage level becomes double

when compared to the existing MLI output voltage. The
This paper proposes a new configuration to increase the ~ modes of operation of the proposed configuration are
umber of levels in an existing MLI. The existing MLI may  explained. Multi carrier pulse width modulation is adapted

be either symmetric or asymmetric condition. By addingtwo  for the proposed configuration. Sine and Trapezoidal
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(Advance PWM) pulse width modulation techniques are used
and their results (in terms of THD, Vrms and crest factor) are
compared with different modulation indices. Sinusoidal
Pulse Width Modulation (SPWM) with POD technique
offers low THD when compared to the other techniques in
both modulation. Trapezoidal pulse width modulation with
APOD technique offers higher fundamental Vs in output
voltage compared to the other techniques. When compared to
the existing MLI and other configuration, the number of
switches is significantly reduced for a given number of levels
in the output voltage in proposed configuration. The
proposed configuration is investigated through simulation on
a single phase 15 level inverter with asymmetric source
configuration. The techniques are properly adapted and their
results validated for the proposed configuration. The
implementation of integrating solar panel with proposed
inverter can be executed along with the results in the future.

References

[1] J.Rodriguez and J. Lai, “Multilevel Inverters: A Survey
of Topologies, Controls, and Applications,” IEEE
Trans. Ind. Electron., vol. 49, no. 4, pp. 724-738, 2002.

[2] K. K. Gupta and S. Jain, “A multilevel Voltage Source
Inverter (VSI) to maximize the number of levels in
output waveform,” Int. J. Electr. Power Energy Syst.,
vol. 44, pp. 25-36, 2013.

[3] K. K. Gupta and S. Jain, “Topology for multilevel
inverters to attain maximum number of levels from
given DC sources,” IET Power Electron., vol. 5, no. 4,
p. 435, 2012.

[4] S. Jain and K. K. Gupta, “Multilevel inverter topology
based on series connected switched sources,” IET
Power Electron., vol. 6, no. 1, pp. 164-174, Jan. 2013.

[5] K. K. Gupta and S. Jain, “A Novel Multilevel Inverter
Based on Switched DC Sources,” IEEE Trans. Ind.
Electron., vol. 61, no. 7, pp. 3269-3278, 2014..

[6] E. Babaei and M. Farhadi Kangarlu, “Cross-switched
multilevel inverter: an innovative topology,” IET Power
Electron., vol. 6, no. 4, pp. 642-651, Apr. 2013.

[71 M. Sabahi, E. Babaei, and M. Farhadi Kangarlu,
“Cascaded cross-switched multilevel inverter in
symmetric and asymmetric conditions,” IET Power
Electron., vol. 6, no. 6, pp. 1041-1050, Jul. 2013..

[8] K. K. Gupta and S. Jain, “Comprehensive review of a
recently proposed multilevel inverter,” IET Power
Electron., vol. 7, no. 3, pp. 467-479, Mar. 2014.

[9] S. Thamizharasan, S. Jeevananthan, J. Baskaran, and S.
Ramkumar, “Cross-switched multilevel inverter using
auxiliary reverse-connected voltage sources,” IET
Power Electron., vol. 7, no. 6, pp. 1519-1526, Jun.
2014.

[10] Y.H. Liao and C.M. Lai, “Newly-Constructed
Simplified Single-Phase Multistring Multilevel Inverter

Topology for Distributed Energy Resources,” IEEE
Trans. Power Electron., vol. 26, no. 9, pp. 2386-2392,
Sep. 2011.

[11] S. K. Chattopadhyay and C. Chakraborty, “Multilevel
Inverters with Level Doubling Network: A New
Topological Variation,” 39th Annu. Conf. IEEE Ind.
Electron.Soc., vol. 2, pp. 6263-6268, 2013.

[12] S. K. Chattopadhyay and C. Chakraborty, “A New
Multilevel Inverter Topology With Self-Balancing
Level Doubling Network,” IEEE Trans. Ind. Electron.,
vol. 61, no. 9, pp. 4622—-4631, 2014.

[13] N. K. Dewangan, V. Gurjar, S. U. Ullah, and S. Zafar,
“A  Level-Doubling Network (LDN) for Cross-
Connected Sources Based Multilevel Inverter (CCS-
MLI),” IEEE Int. Conf. Power Electron. Drives Energy
Syst., pp. 4-7, 2014.

[14] S. M. Ayob, Z. Salam, and A. Jusoh, “Trapezoidal
PWM Scheme for Cascaded Multilevel Inverter,” |IEEE
Int. Power Energy Conf., pp. 368-372, Nov. 2006.

[15] P. Palanivel and S. S. Dash, “Analysis of THD and
output voltage performance for cascaded multilevel
inverter using carrier pulse width modulation
techniques,” IET Power Electron., vol. 4, no. 8, p. 951,
2011.

[16] M.F. Kangarlu and E. Babaei, “A Generalized
Cascaded Multilevel Inverter Using Series Connection
of Submultilevel Inverters,” |EEE Trans. Power.
Electron., vol. 28, no. 2, pp. 625-636, 2013.

[17] M. D. Manjrekar and T. A. Lip, “A hybrid multilevel
inverter topology for drive applications,” Appl. Power
Electron. Conf. Expo., vol. 2, pp. 523-529, 1998.

[18] E. Babaei and S. H. Hosseini, “Charge Balance Control
Methods for Asymmetrical Cascade Multilevel
Converters,” Int. Conf. Electr. Mach. Syst., pp. 74-79,
2007.

[19] E. Babaei and S. H. Hosseini, “New cascaded
multilevel inverter topology with minimum number of
switches,” Energy Convers.Manag., vol. 50, no. 11, pp.
2761-2767, Nov. 2009.

[20] E. Babaei, S. H. Hosseini, G. B. Gharehpetian, M. T.
Haque, and M. Sabahi, “Reduction of dc voltage
sources and switches in asymmetrical multilevel
converters using a novel topology,” Electr. Power Syst.
Res., vol. 77, no. 8, pp. 1073-1085, Jun. 2007.

[21] E. Babaei, S. H. Hosseini, G. B. Gharehpetian, M. T.
Haque, and M. Sabahi, “Reduction of dc voltage
sources and switches in asymmetrical multilevel
converters using a novel topology,” Electr. Power Syst.
Res., vol. 77, no. 8, pp. 1073-1085, Jun. 2007.

[22] R.S. Alishah, D. Nazarpour, S.H. Hosseini and M.
Sabahi, “A new series parallel switched multilevel dc-
link inverter topology,” Int. J. Electr. Power Energy
Syst., vol. 36, no. 1, pp. 93-99, Mar. 2012.

890



