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Abstract—Present day drive types are the Induction motor
drives with voltage source inverters. Also the voltage
waveforms of traditional two level inverter fed Induction
motor shows that the voltage across the motor contains not
only the required “fundamental” sinusoidal components, but
also pulses of voltage i.e. “ripple” voltage. Moreover the
voltage waveforms produced by the inverter has sharp edges.
The rate of change of voltage with respect to time i.e. dv/dt is
very high at these edges, of the order of 500-5000 V/us.The
two-level inverter topology has attracted attention in low
power low voltage drive applications where as Three-Level
inverter topology has attracted attention in high power High
performances voltage drive applications. Single-phase VSI
cover low-range power applications and three-phase VSI cover
the medium- to high-power applications. The Main purpose of
these three level inverter topologies is to provide a three phase
voltage source, where the amplitude, phase, and frequency of
the voltages should always be controllable. Although most of
the applications require sinusoidal voltage waveforms. The
benefits are especially clear for medium-voltage drives in
industrial applications and are being considered for future
naval ship propulsion systems. The application of pulse width-
modulated (PWM) voltages using two-level high-voltage
inverters to a squirrel-cage induction motor (SQIM) can cause
heating of rotor shaft, voltage spike across the motor
terminals, etc. The increase in the number of steps of the motor
voltage and hence decreasing the dv/dt applied to the machine
terminals can be a solution to this problem. The existing
topologies that generate this multistep voltage include
cascading of a number of single-phase inverters or use of
higher order multilevel inverters. In this paper, a topology
with series connection of three-phase three-level inverters is
proposed, which addresses the problems of medium-voltage
drives.

Keywords Medium-voltage ac drives, multilevel converter
topologies.

. INTRODUCTION

Power electronic inverters are widely used in various
industrial drive applications. To overcome the problems of
the limited voltage and current ratings of power
semiconductors devices, some kinds of series and/or parallel
connections are necessary. Recently, the multilevel inverters
have received more attention in literature due to their ability
to synthesize waveforms with a better harmonic spectrum
and to attain higher voltages. They are applied in many
industrial applications such as ac power supplies, static VAr
compensators, and drive system, etc.

Multilevel inverters have very important development for
high power medium voltage AC drives. Quite a lot of

topologies have found industrial approval; Neutral Point
Clamped, flying capacitor, H-bridge, cascaded with
separated DC source, several control and modulation
strategies have been developed Pulse Width Modulation
(PWM), Sinusoidal PWM, Space Vector PWM and
Selective harmonic eliminations etc.

One of the significant advantages of multilevel
configuration is the harmonics reduction in the output
waveform without increasing switching frequency or
decreasing the inverter power output [2,3]. These multilevel
inverters, in case of m-level, can increase the capacity by
(m-1) times than that of two-level inverter through the series
connection of power semiconductor devices without
additional circuit to have uniform voltage sharing.
Comparing with two level inverter system having the same
capacity, multilevel inverters have the advantages that the
harmonic components of line-to-line voltages fed to load,
switching frequency of the devices and EMI problem could
be decreased[1].

The output voltage waveform of a multilevel inverter is
composed of a number of levels of voltages starting form
three levels and reaching infinity depending upon the
number of the dc sources. The main function of a multilevel
inverter is to produce a desired ac voltage waveform from
several levels of dc voltage sources. These dc voltages may
or.may not be equal to one another. These dc sources can be
obtained from batteries, fuel «cells, or solar cells.
Conventionally, each phase of a cascaded multilevel
converter requires ‘n’ dc sources for 2n + 1 levels in
applications that involve real power transfer. These dc
sources are assumed to have identical amplitudes.

Similar voltage profiles can also be obtained by
using higher order neutral-point-clamped (NPC) multilevel
inverters or by cascading a number of two-level inverters.
However, the multilevel NPC inverters suffer from dc-bus
imbalance, device underutilization problems and unequal
ratings of the clamped diodes, etc., which are not very
serious problems for inverters with three levels or lower.
The capacitor voltage imbalance for a five-level one is
presented in which suggest the need of extra hardware in the
form of dc choppers or a back-to-back connection of
multilevel converters. The cascaded H-bridge topology
suffers from the drawbacks of the usage of huge dc-bus
capacitors and complex input transformers for isolated dc
bus for each module. These drawbacks are addressed in the
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proposed topology. Furthermore, the power circuit is
modular in structure, and hence, the number of modules to
be connected in series depends on the power of the drive.

Il. PROPOSED CONVERTER TOPOLOGY

The proposed general configuration of “n” number of three
level inverters connected in series is shown in Fig. 1. Each
inverter module is a three-phase NPC three-level inverter.
At the output stage, transformers are used to have the series
connection of three-level inverters, as shown in Fig. 1. If
“Vac” is the dc-bus voltage of each inverter module, then
“a” is the turns ratio of each transformer and “n” is the
number of inverter modules then for sine PWM (SPWM)
strategy; the motor rms phase voltage (Vrh_motor) can be
expressed as follows

Fa

“de

rms of Vph motor = V 3Qmine-
_ 2/ Vae
2v2

Where m is the modulation index of the inverter topology

defined as follows

Pe ak of V ph_inverter

v
; dc
T 5

Vph_inverter is the total phase voltage reference of the inverter
topology. For the given peak of Veh_motor, peak of Vph_inverter
can be computed as follows

e =

eak of Vir o — peak of 1’ph_1nutcu1‘ '

p ph_inverter \.—-@Q‘

The generation of individual reference voltage signal of
each inverter is discussed as follows.

The gate pulses for each three-level inverter module can be
derived using two carrier signals. Thus, “n” numbers of such
three-level inverter modules require “2n” number of carriers
[10], [13]. The three-phase voltage reference signals are
then compared with these carrier waves to produce the gate
pulses for the inverters. For example, the carrier waves and
the sinusoidal modulating voltage signal (SPWM technique)
for R phase is shown in Fig. 2 for four series-connected
three-level inverters. The carrier waves 1 and 1_ (Fig. 2)
with R-phase voltage reference controls the inverter module
1. Similarly, 2 2_, 3-3 , and 4-4_ carrier waves with R-
phase voltage reference generate the gate pulses for the
three-level inverter modules 2, 3, and 4, respectively. Thus,
each inverter module produces the voltage proportional to a
part of the reference phase voltage signals. It is important to
note that no two three-level inverter modules switch
simultaneously. Thus, the maximum dv/dt rate of the output
voltage of this topology is limited to that of a single three-
level inverter module. The references of each inverter are
shown in Fig. 3. The corresponding output line voltages of
each inverter are shown in Fig. 4. The four windings, one
from each transformer, are connected in series and produced
the net R-phase voltage, as shown in Fig. 5 Similarly, the
other two phase voltages are generated.
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Figure 1: Block diagram of three-phase three-level inverter
modules connected in series driving an SQIM.
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Figure 2: Carrier waves and the sinusoidal modulating
voltage signal for R phase in SPWM technique

The line voltage spectra of individual inverters are shown in
Fig. 4 for switching frequency of 2.5 kHz. These line
voltages get added to produce the net phase voltage of the
topology. The voltage spectra are expressed as a percentage
of the maximum total fundamental (Vpeak) that can be
produced by the topology.
Vpeak = ‘/E*Vph_motor

or Vpeak = 2078.5 V for Vac=600 V,n =4, a=1,and m=1
using (1). Hence, the spectra show the percentage share of
the fundamental of each inverter module. These spectra also
suggest that the line voltages of all these inverters contain
additional small amount of the 5th-, 7th-, 11th-, 13th-, and
higher order harmonics besides the normal switching
harmonics. However, the net phase voltage and line voltage
of this topology do not contain any of these harmonics, as
suggested by the spectra shown in Fig. 5. These harmonics
get canceled when the line voltages of the individual
inverters are added by the transformers to produce the net
phase voltages. The increased number of steps in the motor
terminal voltage reduces the dv/dt as that compared with a
conventional two-level inverter.
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Figure 3: Four series connected Inverters Individual
voltages

I1l. DYNAMIC MODEL OF INDUCTION MOTOR

The induction machine d-g or dynamic equivalent
circuit is shown in Fig. 1 and 2. One of the most popular
induction motor models derived from this equivalent circuit
is Krause’s model detailed in [5]. According to his model,
the modeling equations in flux linkage form are as follows:

R, —-I: LA, L, s
‘ we"”ds\ : / 'rwe"["'].rﬂrdr [

Lllq'S l{.f :F L Lllq'f
‘ Wt W o ‘

N

Figure 4: Dynamic g-axis model
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Figure 5: Dynamic d-axis model
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where 4 : direct axis,
g - quadrature axis,
5 : stator variable,
» - rotor variable,
F;; 15 the flux linkage (i=g or d and j=s orr).
Vo Va: - ¢ and d—axs stator voltages.
Vgn Var - ¢ and d—axis rotor voltages.

FongFma g and d axis magnetizing flux linkages.

: rotor resistance,

- stator resistance,

: stator leakage reactance (@ L),
: rotor leakage reactance (@ oLy).

Xoui /‘—+—+—:

Igo 15; - g and d—axis stator currents.
Ign 14y - g and d—axis rotor currents,
p - number of poles,
J - moment of mertia,
T, : electrical output torque,
Ti(or T}) : load torque,
@ : stator angular electrical frequency,
@ : motor angular electrical base frequency.
@, : rotor angular electrical speed.

For a squirrel cage induction machine, as in the
case of this paper, vgr and vdr in (3) and (4) are set to zero.
An induction machine model can be represented with five
differential equations as shown. To solve these equations,
they have to be rearranged in the state-space form, In this
case, state-space form can be achieved by inserting (5) and
(6) in (1-4) and collecting the similar terms together so that
each state derivative is a function of only other state
variables and model inputs. Then, the modeling equations

(1-4) of a squirrel cage induction motor in state-space
become

é?ﬂéNEE’
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IV. MATLAB/SIMULINK MODEL & SIMULATION
RESULTS

Here simulation is carried out for two cases. In case |
conventional three phase three level induction motor is

simulated and in case Il proposed multilevel drive is
simulated.

= !

gulsag
T,

Fig. 6 Matlab/Simulink Model of Convention IM Drive
Fig. 6 shows the Matlab/Simulink model of conventional
three phase three level induction motor drive. It consists of
front end rectifier followed by three phase inverter.

Fig. 7 Three Level output

Fig. 7 shows the three level output of the conventional

inverter. Her switching frequency is taken as 1050 hz.
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Fig10 to 13 shows the individual inverter outputs. From the
figures it is clear that each output consists of only three
levels.

Figure.9 Block diagram of proposed circuit

Fig. 9 shows the block diagram of proposed series
connected multilevel inverter fed induction motor drive. It
consists of four inverters. Here we are using phase shifted

carrier PWM.
| Fig. 14 Multilevel output

Fig. 10 Three Level output Inverter 1

Figure.15.Multilevel output three phase

Fig. 11 Three Level output Inverter2
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This waveform represents the output voltage of the
three phase multilevel inverter.

Fig.19 Three phase voltage of inverter
Fig.19 shows the three phase voltages of the CMLI

Figure.16Electromagnetic Torque and Speed curves of SQCIM

Fig.20 Stator current

The first waveform represents the Electromagnetic Torque Fig.20 shows the stator current characteristics of the
and rotor speed characteristics of the Squirrel cage induction motor.

Induction motor

Fig.17 Simulink model of Cascaded multilevel inverter fed induction Fig. 21Speed of the motor
motor. B ) Fig.21shows the speed curve of the induction motor. It is
Fig.17 shows the simulink model of the Cascaded multilevel having the speed of 1450 r.p.m.

inverter fed to an induction motor.

Fig.18 Line voltages of inverter

Fig.18 shows the line-line voltages of the CMLI Fig.22 shows the electromagnetic torque characteristics of
the induction motor.

Fig.22 Electromagnetic Torque

V. CONCLUSION

A series connection of three-level inverters has been
proposed for a medium-voltage SQIM drive with increased
voltage capacity. The topology ensured high-power
operations with medium-voltage output having several
voltage levels. The reduction in the ratings of the dc bus
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capacitor and reduced imbalance problems in the dc bus are
some of the advantages of the proposed topology over the
existing topologies. The disadvantage of the proposed
topology is that it requires additional output transformers
which introduce additional cost and losses. However, these
transformers do not have complex underutilized windings
like that required in cascaded H-bridge topologies. In this
paper conventional and the cascaded multilevel inverter
topologies were discussed and results were placed. Finally a
Matlab/Simulink model is developed and simulation results
are presented.

REFERENCES

[1]

[2

(3]

(4]

[5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

F. Wang, “Motor shaft voltages and bearing currents
and their reduction in multilevel medium-voltage PWM
voltage-source-inverter  drive apglications,” IEEE
Trans. Ind. Appl., vol. 36, no. 5, pp. 1336-1341,
Sep./Oct. 2000.

S. Chen and T. A. Lipo, “Bearing currents and shaft
voltages of an induction motor under hard- and soft-
switching inverter excitation,” IEEE Trans. Ind. Appl.,
vol. 34, no. 5, pp. 1042-1048, Sep./Oct. 1998.

L. M. Tolbert, F. Z. Peng, and T. G. Habetler,
“Multilevel converters for large electric drives,” IEEE
'{éggs. Ind. Appl., vol. 35, no. 1, pp. 36-44, Jan./Feb.

A. Muetze and A. Binder, “Calculation of circulating
bearing currents in machines of inverter-based drive
systems,” IEEE Trans. Ind. Electron., vol. 54, no. 2, pp.
932-938, Apr. 2007.

J. Rodriguez, J. S. Lai, and F. Z. Peng, “Multilevel
inverters: A survey of topologies, control and
applications,” IEEE Trans. Power Electron., vol. 49, no.
4, pp. 724-738, Aug. 2002.

P.W. Hammond, “A new approach to enhanced power
uality for medium voltage drives,” IEEE Trans. Ind.
ppl., vol. 33, no. 1, pp. 202-208, Jan./Feb. 1997.

R. Teodorescu, F. Blaabjerg, J. K. Pederson, E.
Cengelci, and P. N. Enjeti, “Multilevel inverter by
cascading industrial VSL,” IEEE Trans. Ind. Electron.,
vol. 49, no. 4, pp. 832-838, Aug. 2002.

A. Nabae, 1. Takahashi, and H. Akagi, “A new neutral
]ioint clamped inverter,” IEEE Trans. Ind. Appl., vol.
7, no. 5, pp. 518-523, Sep./Oct. 1981.

J.-S. Lai and F. Z. Peng, “Multilevel converters—A
new breed of power converters,” IEEE Trans. Ind.
Appl., vol. 32, no. 3, pp. 509-517, May/Jun. 1996.

G. Cararra, S. Gardella, M. Marchesoni, R. Salutari,
and G. Sciutto, “A new multilevel PWMmethod: A
theoretical analysis,” IEEE Trans. Power Electron., vol.
7, no. 3, pp. 497-505, Jul. 1992.

A. M. Trzynadlowski, R. L. Kirlin, and S. Legowski,
“Space vector PWM technique with minimum
switching losses,” IEEE Trans. Ind. Electron., vol. 44,
no. 2, pp. 173-181, Apr. 1997.

Y. S. Lai and S. R. Bowes, “Optimal bus-clamped
PWM techniques for three-phase motor drives,” in
Proc. Annu. Conf. IEEE Ind. Electron. Soc., Busan,
Korea, Nov. 2—6, 2004, pp. 1475-1480.

Suvajit Mukherjee and Gautam Poddar “A Series-

Connected Three-Level Inverter Topology for Medium-
Voltage SqUIrreI—Cacljge Motor Drive Applications” leee
ns,

© April 2016 IJSDR | Volume 1, Issue 4

SK.VALI was born in
B.Gangaram, Telangana in 1989
and he completed his B.Tech in
Electrical and Electronics
Engineering from SSIT,
B.Gangaram in the year 2010
and the M.Tech degree from
Jawaharlal Nehru Technological
University, Kakinada in 2012.
Presently, he is working as an
Assistant Professor in Bhoj Reddy
Engineering College for Women,
Hyd.His areas of interest Include
Power  Electronics,  Electrical
Machines and drives.

T.VINAY KUMAR was born in
Suryapet, in 1991. He received the
B.Tech (Electrical & Electronics
Engineering) degree from Sana
Engineering  Technology &
Science, Kodad, in 2012 and the
M.Tech degree from  Jawaharlal
Nehru Technological University,
Hyderabad in 2015. Presently, he
is working as an Assistant professor
in = Bhoj Reddy Engineering
College for Women,Hyd.His areas
of interest Include  power
electronics, - electrical machines
and drives.

Transactions On Industry Applicatio ol. 46, No. 1,
January/February 2010.
[JSDR1604035 International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org 226



