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Abstract:

This paper presents a three phase modular multilevel inverter (MMLI) topology
with reduced number of sources, switches and eliminates the need of flying
capacitors and its associated problems like capacitor unbalancing, capacitor
overcharging bulky size, cost etc. The switching pulses for the MMLI are generated
through space vector modulation (SVM) algorithm for reduced harmonic distortion
(HD) in output voltage and current. The MMLI consists of basic three phase two
level inverter with additional bidirectional modules in each phase. The bidirectional
module consists of four diodes and a switch that can conduct in both directions.
This topology can be easily extended for higher output levels with appropriate
number of modules in each phase. Theoretical description is given for five level
MMLI and results are presented for 11- level MMLI feeding an induction motor
suitable for pumping applications. Also, the reliability of the inverter is tested for
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two conditions open circuit and short circuit of a phase in a module.
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I. INTRODUCTION

Utilizing renewable energy resources for various
applications like drives, electric vehicles, standalone
applications etc., has been an interesting area for
researchers. With the advancement in power
semiconductor technology and caution towards
global warming various photovoltaic (PV) based
systems has been proposed in the literature [1-4].
Some  researchersconcentrated on  DC-AC
conversion topologies for PV based applications
[5,6,7,8].Numerous MLI topologies are proposed in
the literature with reduced switch count, voltage
stress, total harmonic distortion (THD) [9,10,11].
Among them the traditional topologies are neutral
point clamped (NPC)[12], flying capacitor(FC)[13]
and cascade H bridge inverter(CHB)[14] topologies
with each having their own merits and limitations.
These three basic topologies has one common
drawback that these requires more number of
switches, 2(n-1) switches per phase, where n is the
output level of the pole voltage. For the proposed
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MMLI the number of switches required per phase is
n. In [15] a MLI with single dc source is proposed
which requires capacitors whose number increases
with output level. In [16,17]aMMLI converter is
proposed, but failure of one module can’t provide
reliable operation and number of increases with
increase in the number of levels.In [18] a multilevel
medium frequency link inverter for utility scale
applications is proposed withmore components.In
[19] a hybrid multilevel converter with cascaded H-
bridge cells is proposed with series connected cells
with each cell containing one capacitor and four
switching devices and generates 12 level output
voltage with 144 switches and 35 electrolytic
capacitors which increases the sizeand cost. In
[20,21,22] SVPWM algorithms for MLI are
proposed. The algorithms are complex and are not
feasible to extend for higher output levels.

The main objective of this paper is to implement a
PV system feeding Space vector PWM based MMLI
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for induction motor drive used for pumping
applications. The present topology mitigates the
problems foreseen by the conventional topologies by
offering a reliable performance during normal and
faulty conditions. Also the switch count, capacitor
balancing problems are not present with the
proposed scheme. The performance of the proposed
SVPWM based MMLI is tested for 11- level output
pole voltage. The phase voltages generated are fed to
a three phase induction motor to validate the
suitability of the inverter for pumping applications.
The details of the proposed work is organized in
sections as follows: First section describes the basic
equations for the design of a PV system, second
section deals with working of the proposed MMLLI,
third section deals with Space vector PWM
algorithm for the proposed MMLI, fourth section
presents simulation results to validate the
performance of the drive with the proposed scheme
under normal and fault conditions. The validation of
the results is done by comparing the THD in voltage
and current waveforms with the conventional NPC
MLLI.

Il. DESIGN OF PV SYSTEM

The PV system is designed with number of cells
connected in series to form PV module. Individual
PV modules are connected in series and parallel to
obtain the necessary current and voltages of the load.
The PV cell can be developed as in[23] with the
current and voltage equations as in Eg.(1) and
EQ.(2) respectively.

(V+IRS) V+IR;
L= -l +exp | (Vo) - 1| - 521 (@)
V=" [’Ph:"‘l] - IR, 2

Here, I is the cell output current in amps, I, is photo
current in ampere, q is the electron charge which is
equivalent to 1.602e-19 C, k is the Boltzmann
constant(1.38e-23 J/°K, V is the output cell voltage
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in volts, T, is the cell operating temperature in og
and A is the diode idealistic factor.

I11. PROPOSED MODULAR MULTILEVEL INVERTER TOPOLOGY

Fig. 1 shows the proposed MMLI topology for n-
level inverter. To synthesize n-level output MMLI
needs (n—1) dc sources, (n—2) modules per phase, in
addition to six main switches that are there in
conventional two-level inverter.

The advantage of having ‘»—1’ dc sources in place of
a single voltage source of higher rating(n—1) Eis that,
it can be easily generated through four PV modules
in series each consisting of 36 series connected cells.
A single module which performs the operation of a
bidirectional switch consists of a single switching
device with four diodes connected as shown in
Fig.1(b).The diodes D; and D, allow forward
conduction of current from source to load and diodes
D3 and D4 aids current path from load to source.
Table 1gives the generalized expressions for pole
voltage levels and their corresponding switching
states of switches in each module of a phase.

The operation of the proposed MMLI is explained
with reference to a five level MMLI shown in Fig.2.

It consists of four equal dc sources, three modules
and two main switches per phase. The position of the
switch is indicated as 1 which = switch ON and as 0
which = switch OFF states.

A Phase B Phase C Phase

E Sat | S61 | Sc1
-+ Saz — sb2 = Sc2 =
. = ——
| Sa3 } Sba | Ses
[ ] [ ]

e | I | i |
T I Sa(n-1) l Sb(n-1) | Se(n-1)
e H

i — T — -

T Sa Sbn s

SRaE

Fig.1. (a) n- level inverter (b) Modular switch
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Switching States, Switch position and the Corresponding Output Pole Voltages

Switching Switches Pole voltage
States Sal Sa2 Sa3 Sa(n-1) San nis ODD nis EVEN
n-1 1 0 0 0 0 (r-"2 e (n-3)E
n-2 0 1 0 0 0 (n—n;1—1)E (n—g-l)E
n-3 0 0 R 0 0 (-2 2)e (n-3-2)E
0 0 0 0 0 1 (-2 1(n D)E (n—g—. (n D)E

In the proposed five level MMLI generation of
different levels of pole voltage of a phase is
explained through Table 2.Fig.3(a) shows five level

TABLE Il

Switching states, switch position and the
corresponding pole voltages

pole voltage and the modes of operation for

o ; Pole
. - Switch
synthesizing the pole voltages are shown in Fig.3(b), SW'ttCth' wite voltage
: - - , NGSIAeS | 'sa1 | sa2 | sa3 | Sa4 | Sa5 | (V)
Fig.3(f). In Fig. 3(b) to Fig. 3(f) the conduction path a0
of different switches for the required pole voltage 4 1 0 0 0 0 2E
generation is shown. It can be observed that in each 3 0 L 0 0 0 E
. . . 2 0 0 1 0]o0 0
phase no two switches in the same leg will conduct 1 0 0 0 1 0 £
at any instant. 0 0 0 0 0 1 _2E
i s 4 L se se2 45‘ T N
. — - ~I< - F‘Iq - B f'n o 5
£1a " - L ¢
G ® 1 “LIF -
4 I_ : 2 =

| _|sbs
-‘ﬁ

Motor pump

Fig.2. Five level MMLI feeding motor pump
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Fig.3.(a) 5 level pole voltage.Device conduction during (b)

Mode 1 (c) Mode 2 (d) Mode 3(e) Mode 4 and (f) Mode 5

TABLE I
Line voltages and their corresponding switch states
Line -
Switching States
Voltages
v v v Sa |Sa|Sa|Sa|Sa|Sb|Sb|Sb|Sb|Sb|Sc|Sc|Sc|Sc Sc
ab | Fbe (Tea) 1 | 213 |4 |5|1|2|3|4|5|1]|2|3]|¢4 5
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4 | 2E |2E] 1 [o]o|o]o]lofoflo]o[1]ofO|1]O 0
4E | o0 |4E| 1 [o]|o|o]o]lof[oflof[of[1]0f0]O]O 1
4E | —4E 1 |ojlojofofoflof]o]o|1]1][0]0]0O 0
3E| 4 |E| o0 [1][0]0|0ofl0o]Oo|O|[O[1]1]|0]O0]O 0
3E | E |4E| 1 [o[o]o|oflo]o|lo[1][0flO|O|O]O 1
2E | 4 |2E| 0 [o[1]0o|0o|lO0o]Oo|lO|[Of[1]1]|0|O0]O 0
2E | 2E |4E| 1 [o][o0o]|o0o|o|loOo]Oo|2][0][0|O|O|O]O 1
E| 3 |[4E| 1 [0o|O|O[O]|]O|1]0|O0O|O]O]|O]O]O 1

4 |3E] o oo 1|ofo|Oofo]Oo|1]1][0]0]0O 0
0 | 4E [4E] 0 |[O0O|O|O[21]0]|O0]O|O[1]1]0]O0]O 0
0 | 4 |4E| 1 |[0o|O|O[O|1]|0]0|O[O]O]|O]|O]O 1
E| 3EJ4E| 0 |[0O|O|O[1]0]O0]O|1]|0[1]0]0]O 0
E | 46 | 3E|] 0 |[O0O|O|1]O0]1]0]0|O]|O][O]O]|O]O 1
2E| 2E |[4E] 0 |[0o|Oo]Oo|1]o|Oo]1]0|O0]1]0]0O]0O 0
2E| 4 |2E[ o [o|1]o|o[1]ofo]o|lO0foOf[O]O]O 1
3E| E |[4E][ 0o [o]Jofo|1[o|1]o]oflof1]0]0]0O 0
3E| 4 |-E[ 0o [1]o]o|o[1]of]o]o|lo0o]of[0O]O]O 1
4E| 0 |[4E[ 0 |o]o]o|1[21]o]o]oflo]1]0]0]0O 0
4E| 4 |0 o |o]lo]o|1[1]o]o]o|lo]of[0O]O]O 1
4E| 26 |[2e] 0o [oJofo|1[1]o]o]oflofofoOf1]0O 0

With V.o, Vo, V.o as pole voltages the and efficient use of supply voltage compared to

corresponding line voltages and phase voltages with
respect to the neutral of the load can be synthesized
using Eq. 3 and Eq. 4respectively. The line voltages
and their corresponding switch states of a five level
inverter are tabulated in Table 3. It can be seen that
at any instant the line voltages are balanced

(Vap + Vie + Vg = 0).

_Vab_ 1 -1 0 VaO

Wel=10 1 -1 VbO] 3
—Vca B -1 0 1 VCO

_V;zn ] 1 2 -1 0 VaO

Vin[=3]-1 2 1 VbO] 4)
—Vcn -1 -1 2 VCO

IV. SPACE VECTOR MODULATION TECHNIQUE
SVM algorithm is used to generate the appropriate
switching sequence for the proposed MMLI
topology. SVM provides better fundamental voltage

Published by: The Mattingley Publishing Co., Inc.

other PWM techniques and improved spectral
performance. The SVM algorithm is explained
considering a five level space plane as shown in
Fig.4. The unused redundant states are not shown in
Fig.4.A five level space vector plane consists of
layers L1, L2, L3 and L4 that are concentric about
zero states 000 and 111. The inner most layer is
similar to the traditional two level hexagon. The
triangles of inner hexagon are called base triangles,
desigpated asT1,T2, T3, T4, T5, T6 as shown in Fig.
4.The space plane is divided into six 60° regions
called sectors. Each sector is further divided into sub
triangles. The execution of SVM algorithm is
expla{ﬂ)ed in the following steps.

e The reference voltage vector needs to be
synthesized from the instantaneous phase
voltagesV,, V,, V.through three phase to two
phase transformation as written in Eq. 5. VzandV,
are direct and quadrature axis components. These
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are further transformed into polar coordinates
using Eq. 6

2m |74

v 1 cos— cos2n/3||"
Wl=zs| 7 S w| @

q 0 sin—-sin— v,
Vref I_(Z:Vd +]Vq (6)

e The layer in which the reference vector lies is
evaluated as in Eq. 7

Vre
L=1+int(;:-)

(7
Here L is the layer number and ‘int’ is a
mathematical function that rounds to near zero.

e The sector in which the reference vector lies is
identified from 0 and the corresponding input states
are used to synthesize all apposite states. For
instance, if sector is identified as ‘1’ then
corresponding two level states 100 and 110 are
used to find the remaining states. Using input states
andA (110-100 = 010) the remaining states 300,
310, 320, 330 can be synthesized by generating a
loop for (n—1) times.

e The nearest state corresponding to the reference
vector is identified by measuring distances from all
states to the reference vector as written in Eq.
8.The hexagon corresponding to the nearest
switching state as centre is identified.

(ni_zliDi = |vg-dai| + |v,-dyi| (8)

whereD; is the distance from " state to the
reference vector, dg; and dg; are the direct and

quadrature axis components of the i*" state.

e To find the switching times of the corresponding
switching states of the reference vector it is
mapped into the new hexagon by subtracting the
nearest switching vector from the given reference
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vector using Eq. 9 where ‘" state is the nearest
switching state .D;lies in a sub hexagon with the
nearest switching state as centre.

(9)
(10)

D; =@-dy) +j(Vy-dg:)
Vnref Lo = (Vd_ddi) +j(Vq_dqi)

eThe switg?l)lng states and their corresponding
timesT,, T,, T, are synthesized similar to the
conventional two level approach using Eq. 11,Eq.
12and Eq. 13. For instance if nearest switching
state NAS is identified as 320 and triangle is T2
then {IQ nearest switching states are 000+320,
010+320, 110+320, 111+320.

T, =

Tg * Vipyes * sin (sin (g - a)) (11)

Ty = Ts * Viger * sin(a) (12)

T, = T,-T,-T, (13)

Where T; is the switching frequency and o is angle
of rotation of new reference vector

The switching states and their corresponding
switching times are dwelled to synthesize optimum
switching pulses to generate the required reference
voltage vector in an average sense.

Fig. 4.Five level Space vector diagram
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V. SIMULATION RESULTS

To validate the working of three phase space vector PWM
based MMLI and its suitability for pumping applications,
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the induction motor and motor currents, speed and torque
waveforms are observed during steady state as shown in Fig. 5
to Fig. 10.

simulationin MATLAB/Simulink environment is performed. E;II Ll L Il NI I Il n
The advantage with the modular nature is that the same switch E? H l.ll H H H H IIII
can provide path in both directions thereby reducing the switch =" —71 71 17 17 17 1 1 1 1T T T I 1|
count. Also instead of a single bulky dc source (n-1)dcsources 71 T T 1 1 T I I I T I T I 1|
each of rating ‘E’are used to synthesize a balanced three phase 3;\ L r 1 rrr -1 1 T T T 1T T]
output voltages, hence making it suitable for photovoltaic -t L L I L I T I T I I [ T TJ
applications. The specifications of the PV module that can 57} Il II Il ]I [| II Il ll Il II Il II Il II :
synthesize the required dc voltage level are given in Appendix. U | | BN ) | N | | S | | M| | 1 | - .
The proposed MMLI is tested for 11 level MMLI, for three ' pur T IO0 T [0 . IO . OND . OO0 . IWO ]

@ ?5 1.52 1.54 1.56 1.58 1.6 162 1.64

cases that perk up the reliability of the system. The three cases
are normal motoring, motoring with one open circuited module
in a phase and motoring with one short circuited module in a
phase. For each case the phase voltages synthesized are fed to

S
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Fig. 5 Switching pulses for 11 level MMLI in normal working
conditions
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Fig.6 11 level MMLI in normal working condition (a)Motor phase voltage (b) Motor currents (c) Harmonic spectra of phase
voltage(d) Harmonic spectra of a phase current (e) Motor torque(f) Motor speed
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Fig. 7 Switching pulses for 11 level MMLI with open circuit of switch Sa2 from 1.54 sec to 1.58 sec.
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A comparison of proposed MMLI topology with
the NPC MLI for 11 levels is given in Table 4.With
the proposed MMLI topology the harmonic
distortion in voltage and current is found to be less
and better fundamental voltage and current are
synthesized compared to the NPC MLI topology for
the three cases mentioned.

TABLE IV
Comparison of Proposed MMLLI topology and NPC
topology for 11 level

January-February 2020
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compared with the conventional NPC MLI for
normal and faulty switch operating conditions. The
results prove that the proposed MMLI topology with
space vector PWM algorithm can be efficiently
utilised for renewable energy resources and also for
grid and HVDC applications.

VII. APPENDIX
PV Panel specifications

Parameter Rating
Short circuit current(lsc) 5A
Motor voltage Motor current Open circuit voltage (\Voc) 135V
Topol Fundam Fundame Series resistance(Rs) 0.23 OHM
opology ental % ntal % Parallel resistance(Rp) 415.405
yoltaﬂe THD _cu;\rent THD Number of series connected cells 36
In VOTES in AMPS Number of modules in series 4
Proposed MMLI 309.8 5.47 1.378 1.10 Number of modules in parallel 1
NPC MLI 310.1 5.66 1.382 1.15 Irradiance at standard test conditions 1000 W/m?
Proposed MMLI Temperature at standard test conditions | 25° C
with open circuited 316.5 6.22 1.483 6.74 Total number of PV panEIS 10
switch
, Motor specifications of three phase induction motor
NPCMLI with short
circuited switch 276 9.94 0.8364 43.01
Parameter Rating
Proposed MMLI
with shortcircuited | 2501 | 17.23 | 2435 | 11.94 Power 15H.P
switch Motor VOltage(Vrems ) 400 V
\PC MLIwith <h Speed 1440 rpm
with short
circuited switch 250 17.15 4.178 16.71 Frequency 50 Hz
Number of poles 4
Stator resistance 7.83 OHM
VI. CONCLUSION Rotor resistance 7.55 OHM
. Stator inductance 0.4751 H
In this paper a new MMLI topology for standalone Rotor inductance 04751 H
PV system with induction motor as load is Magnetizing inductance 0.4535 H
developed. The switching algorithm to the MMLI is Moment of inertia 0.06 kg-m®

obtained from the space vector PWM algorithm
which provides efficient modulation strategy. The
reliability of MMLI is tested under fault conditions
like short circuit and open circuit of a switch in a
phase that may occur due to switch failure. The
MMLI requires less number of switching devices
and only one switch in a phase will be ON to
synthesize a level and so switching losses are
comparatively less than with the conventional
topologies. Also the driver circuit design is simple as
it requires minimum number of switches. The
%THD of the output voltage and current is

Published by: The Mattingley Publishing Co., Inc.

VIIl. REFERENCES

1. H.S. Das, A.Dey, M.Ouossaid, M. Mqaroufi,
“single-sensor  Based @~ MPPT for
Photovoltaic Systems”, International Journal
of Renewable Energy Research, IJRER, Vol.
6, No.2, 2016

2. N.Kumar, S.P.Sharma, U.K.Sinha,
Y .Nayak,”Prediction of solar Energy Based
on Intelligent ANN Modeling,” International
Journal of Renewable Energy Research,
URER, Vol. 6, No.1, 2016.

8703



"TIEST

Engineering & Management

3.

10.

11.

S.Krim, S.GdaunmA.mtibaa and
M.F.Mimouni, “FGA  Contribution in
Photovoltaic Pumping Systems:Models of
MPPT and DTC-SVM  algorithms,”
International Journal of Renewable Energy
Research, IJRER, Vol. 6, No.3, 2016.
V.GAgelidis, D.M.Baker, W.B.Lawrance
and C.V.Nayar, “A Multi level PWM
Inverter topology for Photo voltaic
applications”, IEEE Int. Symp. Ind.
Electron,Vol. 2,July, 1997.

Dr.JJayalakshmi N.S., Dr. D. N. Goahkar,
Anandh N., Nimilas. S. K, “Design and
Implementation of Single Phase Inverter
Based on cuk Converter for PV System.”
Internation Journal of Renewable Energy
Research, IJRER, Vol. 7, No.2, 2017.

H. R.Teymour, D.Stutanto, K. M .Multtaqi, P.
Ciuto, “ Solar PV and Battery Storage
Integration Using a New Configration of a
Three Level NPC Inverter with Advanced
Control Strategy”, IEEE Trans. on Energy
Conversion, Vol. 29, No.2, June, 2014.

H. Wang, L. Kou, Y.Liu and P.C.Sen,”A
New Six Switch Five level Active Neutral
Point  Clamped Inverter  for PV
Applications”, IEEE Trans. on power
Electronics, Vol. 32, No. 9, Sept, 2017.
SachinJain, VenuSonti, “A Highly Efficient
and Reliable Inverter Configuration Based
Cascaded Multi level Inverter for PV
Systems”, IEEE Trans. on Industrial
Electronics, Vol. 64, No. 4, April, 2017.

C. Anandabanu and B. G. Fernandes,”
Neutral Point clamped MOSFET Inverter
WITH Full Bridge Configuration for Non
isolated Grid Tied Photo voltaic System”,
IEEE Journal of Emerging and Selected
Topics in Power Electronics, Vol. 5, No. 1,
March, 2017.

S. J. Park, F. S. Kang, M. H. Lee and C.
U.Kim, “ A New Single Phase Five Level
PWM Inverter employing, a Deadbeat
Control Scheme”, IEEE Trans, on power
Electronics, Vol.18, no. 3, may, 2013.

T. C.Neugebaucer D. J. Perreault, J. . Lang
and C. Livermore,” A Six Phase Multilevel
Inverter for MEMS Electrostatic Induction
Micromotors”, IEEE Trans. on circuits

Published by: The Mattingley Publishing Co., Inc.

12.

13.

14.

15.

16.

17.

18.

19.

20.

January-February 2020
ISSN: 0193-4120 Page No. 8696 - 8705

System II, Exp. Briefs, Vol. 51, no. 2, Feb,
2004.

J. Rodriguez, S.Bernet, P.K. Steimerand
Lizama, “ A Survey on Neutral Point
Clamped Inverters”, IEEE Trans. on
Industrial Electronics, Vol. 57, no. 7, July,
2010.

I. E.

M. F. Escalante, J. C. Vannier and A.
Arzande, “Flying capacitor Multilevel
Inverters and DTC Motor Drive

Applications”, IEEE Trans. on Industrial
Electronics, Vol. 49, no.4, August, 2002.

M. Malinnowski, K. Gopakur, J. Rodriguez
and M. A. Perez, “A Survey on Cascaded
Multilevel Inverters, “ IEEE Trans. Industrial
Electronics, vol. 57, no. 7, July, 2010.

M. Venkatesan, R.Rajeswar, N.deverajan, “A
fuzzy Logic based Three Phase Inverter With
Single DC Source for Grid Connected PV
System Employing Three Phase
Transformer,” International Journal of
Renewable Energy Research, IURER, Vol. 5,
No.3, 2015.

Ouerdari, A.B.B.Abdelghani, 1.S.Belkhodia,
“Harmonic  Analysis of Pulse Width
Modulation Based Strategies for Modular
Multilevel Converter,” International Journal
of Renewable Energy Research, IJRER, Vol.
6, No.3, 2016.

A.Salem, E.A.Ahamed, M.Orabi, M.Ahmed,
“Study and Analysis of New Thee Phase
Modular Multilevel Inverter,” IEEE Trans.
on Indus. Electronics, vol.63, No.12, Dec.
2016.

S.Essariappan, H.S.Krishnamoorthy,
P.Enjeti, R.S. Balug and S.Ahmed,
“Multilevel Medium frequency Link Inverter
for Utility Scale Photovoltaic Integration,”
IEEE Trans. Power electron,
vol.30,No.7,July 2015.

G.P.Adam I.A. Abdelsalam,K.H.Ahmed and
B.W.Williams,* Hybrid Multilevel Converter
with Cascaded H-bridge cells for HVDC
Applications:Operating Principle and
Sealability,” IEEE Trans. Power electron,
vol.30,No.1, July 2015.

C. Phanikumar, C. Pawan and A. Vivek ,
“Simplified Implementation Scheme for
Space Vector Pulse Width Modulation of n
level Inverter with Online Computation of

8704



January-February 2020

Engineering & Management

Optimal Switching Pulse Durations”, IEEE
Trans. on Industrial Electronics, Vol.63, No.
11, Nov. 2016.

21. N. Celanovic and D. Boroyevich, “A Fast
Space Vector Modulation Algorithm for
Multilevel Three Phase Converters”, IEEE
Trans. on Industry Applications, VVol.37, No.
2, March/April 2016.

22. Gopinath, A.Mohamed A.S. and M. R. Baiju,
“Fractal Based Space Vector PWM for Multi
level Inverters A Novel Approach”, IEEE
Trans. on Industrial Electronics, Vol.56, No.
4, April 2016.

23. M. B.Etebia, E.T.EI Shenawy, J. H. Shazly
and A. Z. Hafez, “A Photovoltaic (Cell,
Module, Array) Simulation and Monitoring
model using MATLAB/GUI Interface, Int.
journal of Computer Applications”, Volume
69, NO.6, May 2013.

Published by: The Mattingley Publishing Co., Inc. 8705



