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Abstract: Multilevel inverter (MLI) plays a strong role in
low power photovoltaic (PV) applications to transfer
large amount of high quality power. It offers less
distortion and can be used in high power, medium voltage
applications. The objective of this paper is to propose a
photovoltaic based new multilevel inverter topology with
reduced number of switches and voltage sources. The
proposed inverter consists of two units namely basic unit
which produces unidirectional output voltage and
polarity changing unit which helps to change the polarity
of the output voltage. The basic unit of the proposed
inverter topology produces five level output voltage
waveform during symmetric operation and nine level
output voltage waveform during asymmetric operation.
This topology can be extended with multiple dc sourcesto
synthesize large output levels. The advantage of this
topology is it uses minimum number of components and
hence the cost and size of the inverter is reduced. In this
paper, the dc source for the proposed inverter topology is
modelled as a PV array. A mathematical model for the PV
array is developed and implemented with the proposed
multilevel inverter topology. The proposed inverter is
simulated using MATLAB/Smulink software. The
simulation results for different output levels are analysed
and presented.

Key words: Multilevel inverter, Symmetric, Asymmetric,
THD, Photovoltaic.

1. Introduction

requires larger number of power semiconductor
switches and associated gate driver circuits to
achieve higher number of output levels [6]. Attfirs
the multilevel inverter was started with three-leve
and then several topologies of higher level inverte
have been developed in recent years [7]. The most
popular topologies of multilevel inverters are died
clamped [8], flying capacitor [9] and cascaded H-
bridge inverters [10]. In diode clamped MLI witheth
help of clamping diodes, the DC bus voltage is
clamped to half of its levels. In flying capacitor
MLI, the device voltage is clamped to the level of
one capacitor voltage with the help of independent
capacitors. In both DCMLI and FCMLI, voltage
imbalance is a major problem. In order to overcome
these limitations, cascade MLI topology was
introduced. The main advantages of multilevel
inverter is its low total harmonic distortion (D
which is mainly due to closely sinusoidal output
voltage waveforms produced by multilevel inverter.
Nowadays, many researchers have proposed
modified pulse width modulation (PWM) techniques
and new inverter topology.

An improved configuration for cascaded MLI
topology is proposed in [14]. In this topology, kac
modules can synthesize a maximum of 9-level
output voltage waveform with a reduced power
number of power components. Ref. [15] presents a
hybrid cascaded MLI topology which is formed by
the combination of symmetrical 4-level sub module

Multilevel inverters were introduced in 1975 byand a full bridge unit. A new single phase cascaded
Baker Richard H and Bannister Lawrence H, in thelylLI topology based on novel H-bridge units is

work titled Electric Power Converter [1]. It hasProposed in [16].

The basic unit consists of six

attracted great attention of modern day researche@wer switches and two dc sources which is able to
The multilevel inverters are classified into twddenerate seven levels at the output. The main
groups, name|y' Symmetric multilevel inverterdlsadvantage of the prop_osed basic unit over the H-
where the magnitude of all dc voltage sources Ridge is it requires higher number of voltage
same and asymmetric multilevel inverter, where tHgources and power switches. In [18], a combination
magnitude of all dc voltage sources is differeft [20f CHB MLI with a double level circuit is presented
Renewable energy resources, capacitors or batterigsthis, a half bridge inverter is combined with a
are mosﬂy used as the dc V0|tage SOUfC&.HB MthO increase the OUtpUi': voltage level to
Multilevel inverters has various advantages such 8garly twice that of a conventional CHB MLI.
low distortion, high power quality, minimum peakAnother inverter topology with minimum switches is
inverse voltage (PIV), staircase output voltagey | Proposed in [22]. This topology generates a larger
dv/dt stress, smaller common mode voltage aridmbers of output voltage levels with reduced

minimum  switching losses[2-5]. However, ithumber of switches. Photovoltaic (PV) energy
becomes a most potential, pollution free energy



resource in India. In this paper, the dc sourcetfer Where, § is the reverse saturation current andis/
proposed inverter topology is modelled as fhe thermal voltage. Since, the photovoltaic aisay

ph?rtﬁi\éoggige?rr&%poses a new photovoltaic Sourmade up of several solar cells connected in series,
based multilevel inverter with reduced number \gg/etﬁu”em t!n each of the series solar arrayverg
switches. The proposed multilevel inverter uses t € equation,

voltage sources, four main switches and two diodes. Vp [NV Vi, tRG!

_ €S, | (DT 4| PV TSPV
Section Il presents the model of PV array. Section's = 'o| € R PV (3)
Il explains the operation of the proposed muliev
inverter topology. The generalised structure of the/here, 1 is the number of solar cells in series.

proposed inverter topology and its magnitude

determination are discussed in Section IV. The \ LN 100 w2
comparison study between the proposed inverter R 00 Wiz
topology with conventional and other presented ] R N N 400 Wim2

topologies are shown in Section V. The modulation
strategy for the proposed inverter is presented in
Section VI. The simulation results obtained using
MATLAB/Simulink are presented in Section-VII
and the conclusions were presented in Section-VIII.

2. PV Array Modd
A photovoltaic cell is basicaly a P-N
semiconductor junction diode which converts solar

energy into electrical energy. A several series Pt e B
connected photovoltaic cells form a photovoltaic €))

module and a several PV modules are modules Py

connected in series and parallel to form a PV array w2 || '

800 Wim2

The series combination of PV modules determines 200 Wina
the output voltage whereas the parallel combination ||
defines the maximum output current drawn from the
array. A simple solar cell model is shown in Fig. 1
where the solar cell is modeled as a currentcgour
in parallel with a diode, a series resistog)(Rnd a
shunt resistor (B [11-13]. The value of series
resistor is small when compared with shunt resistor
By Kirchhoff's Current Law (KCL), we get e

1
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Power

_ D Vaoltage
|S—|D+R—+|pv (1) (b)
P Fig. 2. Solar cell (a) VI characteristics (b) PV

Where, § is the isolation currentpy is the solar cell characteristics
current, b is the current in the bypass diode ang V

is the voltage across solar cell. The voltage-current and  power-voltage
S B s s s B characteristics of the typical single diode solell ¢
i ol for different isolation is shown in Fig. 2. Duettee
: Y VR Rs variation in the solar irradiation, the photovaitai
1 ¥ Vo SRP | Vv array exhibits non-linear poyvgr-voltage (PV) and
; voltage-current (VI) characteristics.
P = 3. Proposed Multilevel Inverter

b e eemmmemmmenes ez egemmmnneemnmnnne : The basic unit of the proposed multilevel inverter
Solar Cell . . . .

_ val reuit of | I is shown in Fig. 3 (a). It consists of two voltage
Fig. 1. Equivalent circuit of a solar ce sources, four main switches and two diodes. The
0oroposed inverter can produce 5-level output veltag
cﬁ?ring symmetrical case and 9-level output voltage
V during asymmetrical case of operation. In order to
Ip =lp(e p/Vr -1) (2) obtain the bidirectional output voltages, a polarit

The characteristics equation of bypass diode acr
the PV module is given by the equation,



changer is used. Here, the full bridge inverte
acted as a polarity changer. The overall diag
of the proposed invertewith polarity chancng
unit is shown in Fig. 3(b).
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Fig. 3.Proposed Multilevel Inverter (a) basic circ
(b) with H-bridge

The different modes of operation of the propc
inverter is shown in Fig. 4.
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Fig.4. Modes of operation (&ode - 0 (b) Mode - 1 (c)
Mode - 2 (d) Mode 3 and (e) Mod« 4

In mode-0, the switches; @nd S are ON and the
other switches are OFF and hence, zero volta
obtained. In modd; the switches ;, S and S are
ON and the switch Sis OFF and the ohined
voltage is M. The reverse operation is done
mode-2. In mode&, the switches ;, S, and S are
OFF and the switch ,Sis ON and the obtaine
voltage is \4-V;. During mod-3, the voltage Yis
obtained with the switches; and S are ON and the
switches $ and 3 are OFF. During mo¢5, the
switch S is OFF and the other switches are ON
hence, the voltage is,¥V; obtainec

4. Generalised multilevel inverter topology

The generalised topology of proposed multile
inverter with 'n' voltagesources and 'k’ switches
shown in Fig.5.The total output voltage of tt
generalised topology of proposed inverter is gi

by,
4)

Since the basic unit consists of 'k’ switches,
total number of switches (i) in the proposed
multilevel inverter with polarity changing circuig
given by,

Nawitch =K+4 ()

n
Vo = 2V
i=1

The relation between the number of dc volt
sources and the number of switches is givel

Nanitch = 2(n+2) (6)

The number of output levels in the output volt
depends on the number of voltage sources ar
corresponding magnitude. Therefore, the magni



of voltage sources has to be chosen differentl
achieve greater number of output leve
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Fig. 5. Generalised inverter topology.

The different algorithms to determine the magnit
of each voltage sources are explained as fol

Algorithm-1

Here the magnitude of all voltage sources is e
to Vg Therefore, the total number of levels 'm
the output voltage is given by,

m=2n+1 @)

From equ. (6) and (7), the relation between
total number of levels 'm' anthe number of
switches ' Nyien 1S Obtained as
Ngwitch =mM+3 (8)

Algorithm-2

Here, the magnitude ofach voltage source
different and are given by,

Vi =iVge 9)

where, i=1, 2, 3...n.

The number of voltage levels achieved is gi
by,

m=n?+n+1 (10)

Algorithm-3

Here the magnitude of each voltage sourc
given by,

Vi = (Zi_l)‘/dc
where, i=1, 2, 3...n.
The number of voltage levels achieved is gi

by,

(11)

m=2"1-1 (12)
Algorithm-4
Here the magnitude of each voltage sourc
given by,
Vi = 3i_l)‘/dc
where, i=1, 2, 3...n.
The number of voltage levels achieved is gi

by,

(13)

m=3" (14)

5. Comparison Study

This section presents the comparison st
based on the number of voltage sources
number of switches required to synthesize
necessary output voltage levels of the propc
inverter topology with CHB and other existi
topologies. The comparison the number of
levels versus number of voltage sources du
symmetrical and asymmetrical condition
shown in Fig. 6(a) and Fig. 6(b) respectively.sl
observed that the proposed inverter topol
requires less number voltage sources
synthesize rguired output levels during bo
symmetric and asymmetric conditiot
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Fig. 7. (a) and (b) shows the compari
between the number of levels and switches du
symmetrical and asymmetrical condition
respectively. It is seen that the proposed inve
topology synthesize higher output levels w
minimum number of switches as compared v
CHB inverter and other presented topoloc
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6. Multi-Carrier Modulation Strategies

According to the switching frequer, the
modulation techniquegor multilevel inverter ar
divided into two categories (a) low-frequency
modulation (LFM)techniques andb) pulse-width
modulation (PWM) technique# the present worl
LFM technique is usd, because it is more flexib
easy to implement andrastically reduce switchir
losses. In this strategy, thewitching pulses are
generated by comparing tleenstanicarrier signals
with the reference sinusoidal sig. Here,(mT_l)
constant amplitude carrier signals are comparekl
the sinusoidal reference wavefo The amplitudes
of the different carrier signals are determinedchg
the following expression [22],

Ve :vmax(ii]—:ﬂ i=123..... [m—_lj

where V.« is the maximum voltage of the referer
sinusoidal signal.

The generation of switching pulses forlevel
inverter is shown in Fig. 8.
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7. Simulation Results
The simulation results of the propos

multilevel inverter are presented in this secti
The proposed inverter produces unidirectic
output voltagesand hence, a polarity changi
unit is used to obtairthe bidirectional outpt
voltage across the loaBior simulation ofproposed
inverter topology,a photovoltaic arrayis used as
input dc source.

A. Symmetrical - 5-level
Fig. 9. shows the basic unit of ttproposed
inverter topologyconsists of two voltage sourcey

and \..

Temperature [K]

Iradiance [WimZ]
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Temperature [K] 1
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Iradiance [Wim2] by
~

Fig. 9. Proposed invertevith two voltage sourct.

In this case, the values of the dc voltage sou
are V, = V,=V4 =120 V and hencehe maximum
voltage obtained as 240 V (i.e.; + V,). This case
is called as symmetrical since the dc voltage &=
has same magnitudehi® topology generate-level
output voltage. The levdl- voltage asl20 V is
obtained during modé- operation andlevel-2
voltage as 240 V is obtained during mo-4
operation of the inverter. The negative volt
values are obtained with the help of pity
changer. The switching states for symmetris-
level inverter is given in Table and the
corresponding switching pulses are shown in
10(a).



TABLE | The 5level output voltage obtaineacross the load

SWITCHING STATESFOR SYMMETRIC 5-LEVEL is shown in Fig10(b) and its THCresult is shown
. in Fig. 10(c).It is observed that the THD of the
On-State Switch . .
Output Voltage n->are Switenes level output voltage waveform is obtained

Positive Cycle| Negative Cycle 17.57%. The THD of the load voltage and I

current waveform for various loads are given

0 T T2 TsTa Table I

VdC S_I.YSZYS\SYT]JT4 S_|.1821531T21T3

B. Asymmetrical - 9-level
2Vae S5 TuTe | S15STaTs Fig. 9. shavs the basic unit of theproposed

inverter topologyconsists of two voltage sourcey

i and V. In this case, the values of tkdc voltage
B} sources are ¥= V4= 60 V and \, = 3V, = 180 V
v e g and the maximum voltage obtained as 240V (

V+V,). This topology generates-level output
I=IVRRNE R S voltage.This case is called as asymmetrical since

7 dc voltage sources has different magnituThe
’—L switching states for asymmetrical case of
proposed multilevel inverter is given in Table
@) The switching pulsesputput voltageand THD for
- L asymmetrical-evel output voltageare shown in
ZZZ | | Fig. 11.1t is observed that the THD of t9-level
1 output voltage waveform is obtained 9.38%. The
THD of the load voltage and load current waveft
for various loads argiven in Table IV

77777 ‘ TABLE Il
! b SWITCHING STATESFOR ASYMMETRIC 9-LEVEL
o ‘ Fundamental (‘SO(HL)): ?AD,TH[?: 17.57"/‘.; Output Voltage On_State S’Vltch%
?" Positive Cycl | Negative Cycle
E " O Tl!TZ T31T4
énl“' VdC Sl!&HS3HTl!T4 Sl!&HS3HT2!T3
' 0 2 8 o 8 (Hsnlvg'unirun‘ezr i i i3 0 2VdC S41T11T4 S4!T2!T3
c
Fig. 10. 5-level (a)Switching pulse (bOutput Voltage 3Vie S1,59,T1, Ty SL,S,ToTs
and (c) THD.
4Vdc 811&184!T11T4 811&184!T2!T3
TABLE Il

DETAILS OFLOAD VARIATION STUDY FOR5-LEVEL = —

)
L oad L oad
=1
m Y.

I
s
s

Power | Voltage | Current

SNo | Load(RL) | ¢ vor | THD | THD ' _J—U
(%) (%) o

[T
0 0 06 o
" .

2
ws 00
3

I

o 02 0o 00is
0 002 00t 006 00rs 09
o o oon

1 50mH 0 1751 | 631 ] (
oH
2 102, 55mH 0.5 17.57 10.72 !
(@)
3 3, 71.5mH 0.8 17.57 11.90

4 100Q 1 17.57 17.57
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Fig.12.Proposed inverter with three voltage sou.

TABLE V

_ - (© SWITCHING STATESFOR ASYMMETRIC 27-EVEL
Fig. 11. 9- level (apwitching pulse (bOutput Voltage
and (c) THD. Output On-State Switches
Voltage
TABLE IV Positive Cycle Negative Cycle
DETAILS OF LOAD VARIATION STUDY FOR9-LEVEL 0 Ty, T, LERP:
L oad L oad VdC Sl!&!S‘l!S:_)!TliTél &,&,S;;,S—‘,,Tz,Tg
Power | Voltage | Current
S.No L oad (R-L) factor THD THD 2Vdc 8\318418511—11-'—4 531841851-'—21-'—3
(%) (%) 3VdC 811831841851T11T4 8118318418:_)!T2!T3
1 50mH 0 9.38 5.48 4VdC 8.1.182183184185!1—1!1—4 8.1.182183184185!1—211—3
2 100, 55mH 0.5 9.28 8.61 5Vgc S6.T1. T4 S, T2, T3
3 300, 71.5mH 0.8 9.28 9.09 6Vc SLS T, Ta S1,Ss To, T3
4 100Q 1 9.8 938 Ve S1,5,56, 1, Ta S5, T2 Ts
. 8V, $:,S6, T4, T $,5, To T
C. Asymmetrical - 27-level & ki 22
Fig. 12. shows the basic unit of tiproposed Ve $1,5,56, T1, Ta $1,53,56, T2, T3
inverter topology consists ohrtee voltage sources | gy T.T T.T
V1,V.and V. In this case, the magnitucof the dc @ 1555 Tu. T4 5255 TarTs
voltage sources are chosen as=s\Wy. = 18V, \, = 11Vye $3.54,56: T1, T4 354,56, T2, T3
3V4 = 54V and = 9V, = 162/, This topology 12V
. 12,54, 5, T1, T, 12,54, 56, T, T
generates 2fkvel output voltage ai the maximum | SuSSSeTuls 215655 T Ts
voltage obtainedacross the loacas 234V (i.e., 13Vae | Su9%S%SSTuTs | S1.5.55,5,5,T2Ts

V1+V,+V3). The switching states fothis case is
given in TableV and the corresponding switchi

pulses are shown in Fig. 13(ahe 27-level output
voltage obtainedacross the load ishown in Fig.
13(b) and its THD result is shown in Fig. 1. It is

observed that the THD of the 2el ouput voltage
waveform is obtained as 3.18%. The THD of

load voltage and load current waveform for vari
loads are given in Table VI.
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(b)

Fundamental (S50Hz) = 232.9, THD=3.18%
T T T T T

Mag (% of Fundamental)
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8 HHT]THl)?IiL' UTL'E;I
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Fig. 13. 27-level (apwitching pulse (bOutput Voltage

and (c) THD.

TABLE VI
DETAILS OFLOAD VARIATION STUDY FOR27-LEVEL

L oad L oad

Power | Voltage | Current

S.No Load (R-L)

factor THD THD
(%) (%)
1 50mH 0 3.1¢ 1.15
2 100, 55mH 0.5 3.1¢€ 2.43
3 300, 71.5mH 0.8 3.1¢€ 2.89
4 100Q 1 3.1¢ 3.18

D. Asymmetrical - 81-level

Fig. 14 shows the basic unit of thproposed
inverter topology consists dbur voltage sources
V1,Vo,V3 and V. Here, the magnitudof the dc
voltage sources are chosen as=Wy. = 6V, V, =
3Vae = 18V, V3= 9Vy. = 54V and V4= 27V =
162V. This topology generates -level output
voltage andthe maximum voltage obtaineacross
the load is 240V (i.e., MV, +V3+V,). The
switching states for asymmetricl-level inverter is
given in TableVIl and the corresponding switchi
pulses are shown in Fig. 15(a).erB-level output
voltage obtainechcross the load ishown in Fig.
15(b) and its THD result is shown iiig. 15(c). It is
observed that the THD of the 8dvel output voltag
waveform is obtained as 1.43%. The THD of
load voltage and load current waveform for vari
loads are given in Table VIIL.
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Fig. 14.Proposed inverter with four voltage soul.
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TABLE VIII
DETAILS OFLOAD VARIATION STUDY

L oad L oad
Power

S.No Load (R-L) factor Voltage Current
THD (%) THD (%)
1 50mH 0 1.43 0.94
2 12, 55mH 0.5 1.43 1.07
3 30Q, 71.5mH 0.8 1.43 1.15

4 100Q 1 1.43 1.43

TABLE VII

SWITCHING STATESFORASYMMETRIC 811LEVEL

On-State Switches

On-State Switches

Output Output
Voltage Positive Cycle Negative Cycle Voltage Positive Cycle NegatCycle
0 T, T2 T3, Ta 0 Ty, T2 T3, Ta

Ve $,$,%,5,5, T, T4 $,$,%,%,5,T2,Ts 21Vge $1,S5,5, S8, T1, Ta 1,553,556, T2, Ts
2Ve $,5,5,5, T, Ts $,5,5,5,T2,Ts 22Vge $1,5,%5,50,5, T1,Ta S1$,55,54,5, T2, Ts
3Ve $,%5,54,55, 57, T1, Ta $1,%,5,%,51,T2,Ts 23Vge S5,%,T1, Ta 5,5, T2, Ts
4V $,%,%5,51,5%, 5, To, Ta $1,$,%,5,5,57, T2, Ts 24Vge $1,55, S, T1,Ta S,5,5, T2, Ts
SV $5,5,57,T1, Ta $,5%,5, T2, Ts 25Vge $1,$,S5,S,T1,Ta $,$,5%,%, T2, Ts
6Vac $1,%,5, 57, T1, Ta $1,5%,%6,:5, T2, T3 26Vgc $3,55, S, T1,Ta $,5%,5,T2,Ts
Ve 51,955,565, Tu, Ta $,$,%,%,5,T2,Ts 27Vgc $1,%:,S5,S6,T1, Ta $,55,5%5,5%, T2, Ts
8V $3,%5,56, 57, T1, Ta $,5%,%,5,T2,Ts 28V $1,$,%:,S5, S, T1, Ta S1,.$,.55,5%,%, T2, Ts
NVee $1,%,5,56,5, To, Ta $1,%,%,%,51,T2,Ts 29Vgc S350, 55,56, T1, Ta $5,5,5%,5%, T2, Ts
10V | $1,9,%,5,%,5,T1,Ta $,$,%,%,5%,5,T2,Ts 30Vgc $1,%5,5, 55,56, T1, Ta S1,%,5,55,5%, T2, Ts
11V $5,54,55,56, 5, To, Ta $,5,%,%,5,T2,Ts 3Vee | $1,$,5,5,5.%T1,Ta S1,$,%5,54,5,5, T2, Ts
12V | $1,%5,5,%,%,5,T1,Ta $1,%5,5,%,56, 57, T2, Ts 32Vge $5,5%6,5,T1,Ta $,%,5, T2 Ts
13Vae | $1,%,%,5,%,5%,STuTa | $1,5,%,5,%,%,5,T2Ts | 33V $1,55,56,S, T1, Ta S,%5,5%,%, T2, Ts
14V S8, T1,Ta $,T2,Ts 34V 51,5,55, 56,58, T1, T $,$,%,5%,%,T2,Ts
15Vie S1,S,T1,Ta $1,S, T2, T3 35V $5,55,56,56 T1, Ta $5.5,%:%, T2 Ts
16Vac $1,5,5%,T1, T4 $1,$,86, T2, T3 36Vge $1,55, 55,56, S, T1, Ta S,.5,55,56,5%, T2, Ts
17V 55,5, T1,Ta $5,5,T2,Ts 3Vee | 81,525,555 T1Ts S.$,55,55,56,5, T2, Ts
18Vec $1,53,5,T1, Ts $,55,5%,T2,Ts 38V $5,54,55, 56,5, T1, T $,5,55,56,%, T2, Ts
19Vee $1,5,5,5,T1, T4 $,$,5,%,T2Ts 3V | S1,%.5.5,%.S%T1Ts S.58,54,55,56, 5, T2, Ts
20Vee $5,54,%,T1, Ts $,5,5%,T2,Ts 40V | 51,953,555 T Ts | $1.5.%.5.5.5.5%,T2Ts
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