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A Quad Two-Level Inverter Configuration for
Four-Pole Induction-Motor Drive
with Single DC Link

Kiran Kumar N. and K. Sivakumar, Member, IEEE

Abstract—A multilevel inverter topology for a four-pole
induction-motor drive is presented in this paper, which is
constructed using the induction-motor stator winding ar-
rangement. A single dc source with a less magnitude when
compared with conventional five-level inverter topologies
is used in this topology. Therefore, power balancing is-
sues (which are major challenges in conventional multi-
level inverters) are minimized. As this configuration uses
a single dc source, it provides a path for zero-sequence
currents because of the zero-sequence voltages present in
the output, which will flow through the motor phase wind-
ing and power electronic switches. To minimize these ze-
ro-sequence currents, sine-triangle pulsewidth modulation
(SPWM) is used, which will shift the lower order harmonics
near to switching frequency in the linear modulation region.
However, in the case of overmodulation, harmonic voltages
will be introduced close to the fundamental frequency. In
this regard, a modified SPWM technique is proposed in this
paper to operate the drive in the overmodulation region
up to the modulation index of 2/,/3. The proposed quad
two-level inverter topology is experimentally verified with a
laboratory prototype on a four-pole 5-hp induction motor.
Experimental results show the effectiveness of the pro-
posed topology in the complete linear modulation region
and the overmodulation region.

Index Terms—Induction-motor drive, modified sine-—
triangle pulsewidth modulation (SPWM), multilevel inverter,
overmodulation.

NOMENCLATURE
IVPWC Identical voltage profile winding coil.
SPWM Sine—triangle pulsewidth modulation.
Tas, Tbs, tcs Stator phase currents.
Ts Stator resistance.
Tr Rotor resistance.
L Stator leakage inductance.
L Stator self-inductance.
Ly, Rotor leakage inductance.
L. Rotor self-inductance.
Ly Magnetizing inductance.
R Reluctance.
l Mean length.
A Area of the core.
1 Permeability.

Manuscript received January 11, 2014; revised March 26, 2014 and
April 30, 2014; accepted May 3, 3014. Date of publication May 30, 2014;
date of current version December 19, 2014.

The authors are with the Indian Institute of Technology Hyderabad,
Hyderabad 502205, India (e-mail: ksiva @iith.ac.in).

Digital Object Identifier 10.1109/TIE.2014.2327577

mi Modulation index.

P (d/dt).

[. INTRODUCTION

ULTILEVEL inverter technology has been widely used
M for the control of medium- and high-voltage ac drive
applications from the past few decades [1] because of its im-
proved output voltage quality [2], better harmonic performance
[3], less voltage stress on power electronic devices [4], and
so on. The basic concept of multilevel inverters is to achieve
the staircase voltage waveform by using more low-rated power
electronic switches and voltage sources. As the number of out-
put voltage levels increase, the requirement of series-connected
switches will also increase in the case of conventional multi-
level inverters such as diode-clamped and flying-capacitor (FC)
multilevel inverters. Therefore, if any of the switches fails,
the entire topology has to be shut down [5], [6], resulting in
decreased system reliability. Moreover, these topologies have
some inherent drawbacks such as neutral-point voltage balanc-
ing [7] and capacitor voltage balancing [8] problems, which in
turn cause unequal voltage sharing across the switches and adds
dc offset voltage to the output voltage waveform. Therefore,
special capacitor voltage balancing techniques are needed to
eliminate these issues [9]. The reliability of the system can
be increased using the H-bridge configuration, as presented in
[10], which will also eliminate the capacitor voltage balancing
issue and the neutral-point voltage balancing issue. However,
as the number of voltage levels increase, it requires more iso-
lated dc sources [11]. Another interesting topology to increase
the reliability of the system is the dual-inverter configuration
using an open-end winding induction motor [12]-[14]. In this
configuration, the neutral point of the induction motor is dis-
connected, and both sides of the winding are fed from two two-
level (or multilevel) inverters [15]. This configuration requires
only half of the dc source voltage when compared with conven-
tional neutral-point-clamped (NPC) or FC multilevel inverters.
To eliminate the aforementioned problems, such as capacitor
voltage balancing and the requirement of more voltage sources,
a five-level inverter topology is presented in [15], which uses
three dc sources to obtain a five-level voltage waveform. In
this paper, the advantage of two IVPWCs [15]-[17] of a four-
pole induction motor is used in designing the multilevel inverter
topology.

On the other hand, an open-end winding induction motor
supplied by a SVPWM-controlled multilevel inverters with
a single dc source will provide path for the zero-sequence
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currents [18]—[20], [25] because of the dominant lower order
harmonic voltages in the inverter output voltage. A five-level
inverter topology for a four-pole induction-motor drive with a
single dc link is presented in [17], which has used SPWM to
minimize the zero-sequence currents though the motor phase
windings. However, this scheme is effective in the linear mod-
ulation only.

In this paper, a modified SPWM technique is proposed to
operate the five-level inverter configuration (using quad two-
level inverters) also in overmodulation region. The proposed
scheme is experimentally verified with a laboratory prototype,
and results are then presented.

Il. VOLTAGE EQUATIONS OF INDUCTION-MOTOR
STATOR WINDING

It is well known that, in a conventional ac machine, the
winding coils which are 360° (electrical) apart will have identi-
cal voltage profiles across them. Thus, the four-pole induction
motor consists of two IVPWCs (where the number of IVPWCs
is equal to the number of pole pairs) [15]. In the conventional
four-pole induction motor, these two windings are connected in
series, as shown in Fig. 1(a). However, in this paper, these are
disconnected, as shown in Fig. 1(b). As the two windings are
disconnected exactly with an equal number of turns, it can be
written [as shown in Fig. 1(a) and (b)] as

N
Ni=Np = - )

Reluctance is given by [22]
o
= A

The following observations can be made when compared with
conventional-induction-motor parameters.

a) Stator resistance (ry = pl/A) will be half because the
length of the copper is half.

b) Reluctance offered to the leakage flux will be half because
the mean length of the stator leakage flux is half ; hence,
from (1) and (2), the leakage inductance (L1 = NZ/R)
will be half.

¢) Reluctance offered to the magnetizing flux will be the
same because the mean length of the core is the same in
both cases. Therefore, from (1) and (2), the magnetizing
inductance (Ly,s = N1 Na/R) will be 1/4 times [22].

From the above discussion and by writing KVL shown in

Fig. 1(b), the voltage across one IVPWC of A-phase can be
obtained as

R 2)

T's

Ly .
Val - Va2 = (* - | Plas

> ) s+ ( 5
) (5 () (5 o

The voltage across the other IVPWC of A-phase can be
obtained by writing Kirchoff’s voltage law (KVL) shown in
Fig. 1(b), i.e.,
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Fig. 1. Induction motor stator winding. (a) General arrangement.

(b) Arrangement for the proposed inverter.

The effective voltage across the stator winding is the sum of the
voltages across the two individual windings, i.e.,

Vas == (Val - Va2) + (Vab’ - Va ) (5)
The motor phase voltage can be achieved by substituting (3)
and (4) into (5) as follows:

1 1
Vas = Tsias + Lsspias - <2) meibs - <2) meZCb (6)

The voltage across the total winding of A-phase can be obtained
by writing the KVL shown in Fig. 1(a), which is equal to the (6).

It can be observed from the above discussion that (6) and the
voltage equation of the conventional induction motor presented
in [22] are identical.

[ll. PROPOSED MULTILEVEL INVERTER TOPOLOGY

The five-level inverter topology presented in [15] uses three
dc sources to obtain a five-level voltage waveform. Mostly
diode bridge rectifiers are used for providing dc supply. There-
fore, in regenerative braking, it requires three braking rheostats
and three control mechanisms to protect the rectifier units,
which complicate control and power circuits. In this paper, three
dc sources are replaced by a single dc source, as shown in
Fig. 2. The two disconnected IVPWCs are supplied with four
conventional two-level inverters, and all of them are connected
to the same dc source, as shown in Fig. 2. The maximum
voltage blocking capacity of all two-level inverter switches is
equal to input dc source voltage (vq./4). Two switches in the
same leg of the two-level inverters complements each other.
Sy to Sg are bidirectional (four-quadrant) switches that can
allow the current in both directions and can block the voltage
in both directions. The maximum voltage blocking capacity of
these switches is vg./8 only. All these (main and auxiliary)
switches are switched in such a way that it produces five-level
voltage ((vac/2), (vac/4),0, (—vac/4), (—vac/2)) across the
motor phase winding, and the possible switching combinations
are shown in Table I. Permanent shorting of the bidirectional
switches cause unequal voltages across IVPWCs during some
((—vac/4),0, (vac/4)) voltage-level synthesis. Hence, control
of these bidirectional switches is important, which is explained
clearly in [17].

The proposed multilevel inverter topology is compared with
the conventional five-level NPC inverter, FC inverter, and
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Fig. 2. Proposed multilevel inverter topology.
TABLE 1 TABLE 1II
POSSIBLE SWITCHING COMBINATIONS TO GENERATE COMPARISON BETWEEN THE CONVENTIONAL TOPOLOGIES
FIVE-LEVEL VOLTAGE WAVEFORMS WITH THE PROPOSED TOPOLOGY
H-bridge | Proposed
Voltage Magnitude S11 So1 S31 Sa1 Sy S, NPC FC inverter Topology
+ % ON orf | oN | OFF | ON ON Main switches 24 24 24 24
Vie ON ON | ON | OFF | OFF | OFF C'almp'”g
7 ON OFF | OFF | OFF | OFF | OFF Diodes 36 0 0 0
OFF OFF | OFF | OFF | OFF | OFF
ON OFF | OFF | ON | OFF [ OFF Isolated
v %
0 ON ON ON ON | OFF | OFF voltage 1 (Vge) 1 (Vge) 6 (ﬂ) 1 (ﬂ)
OFF ON ON | OFF | OFF | OFF sources 4 4
Vie OFF OFF | OFF | ON | OFF | OFF
T4 OFF ON | ON | ON | OFF | OFF Capacitors
A Bank 4 18 0 0
— e OFF ON | OFF | ON | ON | ON anks
Z Bi-directional v
itch 0 0 0 6 (f)
H-bridge inverter, as shown in Table II. The proposed topology SWItChes

is free from neutral-point voltage balancing issues because
the clamping diodes are not used unlike in the diode-clamped
topologies. The capacitor voltage balancing issues are also
eliminated because it does not require any capacitor banks
unlike FC inverters. Only a single dc source is used in this
configuration; therefore, power balancing issues and issues
in regenerating mode are minimized. The magnitude of the
dc bus requirement is also less (vqc/4). The only additional
requirement in this topology is six bidirectional switches with
voltage rating of vq./8.

IV. SPWM
A. Linear Modulation Region (0 < mi < 1)

Gating pulses for the proposed multilevel inverter are
generated using SPWM with a real-time digital simulator.
Three modulating signals (sine waves) and four carrier signals

(triangular waves) are used to produce the gating pulses for the
proposed topology, as shown in the Fig. 3 [23]. The maximum
frequency of the modulating signal (sine wave) is 50 Hz;
however, carrier signal frequency is kept constant at 2 kHz.
Many switching combinations are possible (which are shown in
Table I), but the switching combinations shown in Table III give
less switching transitions from one voltage level to another. The
remaining switching combinations (in Table I) are used in the
case of fault condition, to increase the reliability of the system.
In the case of any switch failure of the middle two inverters
(inverters 2 and 3), the entire system need not to be shut down.
Instead, it can be operated as a three-level inverter up to a
modulation index of 0.5 (where modulation index is equal to the
ratio of the peak of the modulating signal to four times the peak
of the carrier signal, as shown in Fig. 3). For example, when
switch So; is open (or Syo is shorted), the possible switching
combinations are shown in Table IV.



108 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 62, NO. 1, JANUARY 2015
1 15 T
s Va_: Vb Ve
= SR T i Vi SRS i
05 (Vtp) 7 B i i
= 05F X in Arphase | & USRS, YT HO Py 4
0 s ' :
z o\ oo N ffo
-0.5 / \ 4
C ted| N 7
: s ‘ i *
=
4 | i | | | :
0 0.005 0.01 0.015 0.02 0.025 0.03 RUE R Sopip-ittites i it~ gl SRR Nl G S

Fig. 3. Modulating and carrier waves for generating gating pulses in

SPWM.

TABLE III

COMPARISON OF CARRIER AND MODULATING SIGNALS
CORRESPONDING TO THE OUTPUT VOLTAGE

Comparison between Optimum switching
. Output L
Modulating and combinations
L Voltage Level
Carrier signals
\A Si1s S22, S31, Sap, S1and S
VM > Vcrl 7C 11 315 942,91 2
V., . S22, S3> and
Vcrz < VM < Vcrl +% S“ S__ S3- an S42
Vers <V <Verp 0 Si2, S», Sy and Sy
V, 2 S
Virs < Vag < Vops _% Si2, Sz, Sz and Syy
Va Si2, S21, S32, Sa1, S1and S
VM < Vcr4 _TC 1 1 32, D41, 91 2
TABLE IV
POSSIBLE SWITCHING COMBINATIONS DURING FAULT CONDITION
Voltage Magnitude Si1 Sy Sa1 Si1 Sy S,
_% ON OFF | OFF | OFF | OFF | OFF
0 OFF OFF | OFF | OFF | OFF | OFF
_% OFF | OFF | OFF | ON | OFF | OFF

B. Overmodulation (mi > 1)

The linear modulation region can be significantly increased
by adding the zero-sequence component to the modulating
signals in SVPWM [24]. Due to the addition of the zero-
sequence component, the sum of instantaneous reference phase
signals are not equal to zero (V, + V}, + V. # 0), which can
produce lower order zero-sequence currents in the motor phase
windings. Therefore, the SVPWM technique is not best suitable
for those configurations that provide a closed path for zero-
sequence currents (generally, open-end winding induction-
motor drives with a single dc link) [19]. In this paper, a modified
SPWM technique is proposed to operate the configuration in
the overmodulation region. In this technique, whenever an
A-phase modulating signal is crossing the peak of the upper
carrier signal Vi, it is clamped to V;;,. The subtracted mag-
nitude of the A-phase signal (i.e., V, — V4, shown in Fig. 4)
is proportionally added to B-phase and C-phase modulating
signals such that the sum of the three phase modulating signals
equal to zero (V,, + V4, + V. = 0). Hence, the magnitude added
to the B-phase is given by V4, (V, — Vip)/Va, and that to the
C-phase is given by V,(V, — Vip)/Va, as shown in Fig. 4. The
same procedure is followed for the B-phase and the C-phase.

It is well known that when the modulation index is varying
between 1 to 2/4/3, the maximum of one phase modulating

0 0.005 0.01 0.015 0.02

Fig. 4. Three phase modulating waves in overmodulation after
compensation.

0.36
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Fig. 5. Three phase line to-line modulating waves in overmodulation
after compensation. (a) mi =1, (b) mi= 1.15, (¢) mi = 1.25, and
(d) mi = 1.5.
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signal crosses the peak of the upper carrier signal, and for
a modulation index greater than 2/4/3, the maximum of two
or three phase modulating signals cross the peak of the car-
rier signal simultaneously [23]. Therefore, using the proposed
method, it is possible to operate the drive in the overmodu-
lation region up to the modulation index of 2/,/3. Beyond
this modulation index, as two modulating signals are crossing
the peak of the carrier wave simultaneously, it results to the
considerable reduction in the fundamental component. The
line-to-line modulating signals are shown in Fig. 5 for different
modulation indexes to demonstrate the maximum possible limit
of the modulation index. It is clearly shown in Fig. 5(a) and (b)
that the fundamental voltage magnitude is increasing from the
modulation index of 1 to 2/4/3 and it starts decreasing from
2/4/3, as shown in Fig. 5(c) and (d).

In the proposed method, the average value of the line-to-
line modulating signal is calculated by assuming Vi, = 1. The
expression for the line-to-line modulating signal is written from
Fig. 4 (dotted lines) and integrated from 7/3 to 57/6 (since
the waveform is following quarter-wave symmetry, any 90°
duration can be considered) to get the average value; this is
given in (7), shown at the bottom of the next page, where

X1=V,,sin (th?:r) + V,, sin <wt+2§)

X2 =V, sin(wt) + V,, sin (wt - 2;) .
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The expression for the line-to-line modulating signal in
conventional SPWM overmodulation is also written from Fig. 4
(solid lines) and integrated from 7 /3 to 57 /6 as follows:

)T (v (o 2

(é))+(§)

+ (1 Vi, sin (wt - 2;)) dut
(3)-(2)
()-(%)

+ (vm sin(wt) Vi sm<wt—2;>)dwt
(;)(;()3)

+ / (Vm sin(wt)—Vin sin(wt—?»dwt
()-8

®)

The point to be noticed is that, whenever the peak of the
modulating signal is crossing V;p,, it should be clamped to Vi,
Therefore, the reduction in the line-to-line modulating signal
of the proposed method when compared with conventional
overmodulation is given by

v () (3)- ()
e (§)-n(on(3) ]

25

% Voltage Reduction

8(’])

10(1.003) 20(1.015) 30{1.035) 40(1.064) 50(1.103) 60(1.15)
Clamping angle (Modulation Index)

Fig. 6. Percentage magnitude reduction of the line-to-line modulating
signal with respect to the modulation index.

where
1
: ™ AN
sin (5 — )
The percentage reduction in the line-to-line modulating signal
is calculated, and it is plotted for different
modulation indexes, as shown in Fig. 6. It can be noticed in

Fig. 6 that the loss in line-to-line voltage is at the maximum of
2%, which is negligible.

Vi =

V. EXPERIMENTAL RESULTS

The proposed multilevel inverter is experimentally verified
with a 5-hp four-pole induction motor. The gating pulses to
the proposed multilevel inverter are generated using SPWM

(5)+(%)
+ (1 - (Vm sin (wt - 2;) - <1}/';11> sin <wt - 2;) (Vi sin(wt) — 1)> dwt
(5)-(3)
(F)-(5)
+ <Vm sin(wt) — V;,, sin <wt - 2;)) dwt
(5)+(3)
+ (/6) < {Vm sin(wt) + (Zg) sin(wt) (Vm sin <wt + 2;) + 1)}
()-8

. 27 Vi \ . 27 . 27
— [Vm sin (wt — 3) + (X2> sin (wt — 3) (Vm sin (wt + 3) + 1)} dwt) @)
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)

Fig. 7. Top trace is the voltage across the first winding (Va1 — Va2),
the second trace is the effective voltage across the total stator phase
winding, the third trace is the voltage across the second winding (Va3 —
Va4), and the bottom trace is the stator current (I,) for the modulation
index of (a) 0.4 [y-axis 100 V/div, 2 A/div; z-axis 10 ms/div] and
(b) 0.8 [y-axis 100 V/div (for first and third from top), 200 V/div (for
second from top), 2 A/div; z-axis 5 ms/div].

through a real-time digital simulator (eMEGAsim, Opal-RT
Technologies). Gating pulses from the real-time digital simula-
tor are given to the deadband circuit that is designed to provide
2-us delay. The output signals of the deadband circuit are given
to the gate driver circuits.

Fig. 7(a) shows the experimental results for the modulation
index of 0.4. It is clear from the results shown in Fig. 7(a)
that voltage across the motor phase winding is the sum of the
voltage across the individual windings, and the voltage profile
is similar to a three-level operation up to the modulation index
of 0.5. The experimental result for the modulation index of
0.8 is shown in Fig. 7(b). If the modulation index greater than
0.5, the reference wave passes through all four carrier sig-
nals, producing multilevel voltage waveform across the motor
terminals.

It can be observed in Fig. 8(a) that only inverters 1 and
4 are switching and inverters 2 and 3 are clamped. In the
case of conventional (NPC or FC) multilevel inverters, all the
switches are required to be switched for balancing the capacitor
voltage, which results in more switching losses. However, in
the proposed topology, it is noticed in Fig. 8(a) that the middle
two inverters are not switching; therefore, in the region of
the modulation index less than 0.5, the switching losses are
reduced. It can be noticed in Fig. 8(b) that, the middle two

Fig. 8. Top trace is the inverter-1 pole voltage, the second trace is the
inverter-4 pole voltage, the third trace is the voltage between the middle
two inverters, and the bottom trace is the voltage across bidirectional
switch for the modulation index of (a) 0.4 [y-axis 100 V/div; z-axis
25 ms/div] and (b) 0.8 [y-axis 100 V/div; z-axis 5 ms/div].

inverters are switched to provide the voltage levels of +(v4./2)
and —(vg4c/2) for the modulation index greater than 0.5. It can
also be noticed that the maximum voltage appearing across the
bidirectional switch is vg./8 only.

The results for the modulation index of 2/,/3 are shown
in Fig. 9(a), which demonstrate the validity of the proposed
configuration in the overmodulation region using the modified
SPWM technique. It is clearly shown in Fig. 9(a) that zero-
sequence currents flowing through motor phase windings are
close to zero. Results for the same modulation index with a
conventional SPWM technique are presented in Fig. 9(b) to
show the significance of the proposed PWM technique. It is
evident in Fig. 9(a) and (b) that zero-sequence currents are
significantly low in the proposed PWM technique.

In the case of any switch failure of inverter 2 or 3, the
proposed topology need not be shut down; instead, it can be
operated as a three-level inverter up to the modulation index of
0.5, as shown in Fig. 10, thereby increasing the reliability of
the system when compared with conventional five-level (NPC
or FC) inverters. The experimental setup is shown in Fig. 11.

It is evident from all the above results that the proposed
topology can be operated in the complete linear modulation
region using SPWM and in the overmodulation region up to
the modulation index of 2/,/3 using the modified SPWM
technique with a single DC link.
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Fig. 9. Top trace is the voltage across the first winding (Va1 — Va2),
the second trace is the effective voltage across the total stator phase
winding, the third trace is the voltage across the second winding
(Vasz — Vaa), the fourth trace is the stator current (I,), and bottom
trace is the zero-sequence currents for the modulation index of 2/./3.
(a) Proposed method [y-axis (200 V/div, 500 V/div, 2 A/div, z-axis
5 ms/div]. (b) Conventional SPWM [y-axis (200 V/div, 500 V/div, 2 A/div,
z-axis 5 ms/div].

Fig. 10. Top trace is the voltage across the first winding (Va1 — Va2),
the second trace is the voltage across the second winding (Vaz — Vaa),
the third trace is the effective voltage across the total stator phase
winding, and the bottom trace is the stator current (I,) for the mod-
ulation index of 0.5 during fault condition [y-axis 100 V/div, 2 A/div,
z-axis 10 ms/div].

VI. CONCLUSION

In this paper, a multilevel inverter topology has been pre-
sented for a four-pole induction-motor drive. The disconnected

Bi-directional

Fig. 11.  Experimental setup.

two IVPWCs are fed from four two-level inverters. All these
four two-level inverters are connected to a single dc source
minimizing the power balancing issues. The magnitude of dc
source voltage requirement is also very less compared with that
of conventional five-level inverter topologies. This topology
uses only two-level inverters; hence, it is free from capacitor
voltage balancing issues. The proposed topology is experimen-
tally verified with a 5-hp four-pole induction motor using a
laboratory prototype. Gating pulses are generated using the
SPWM technique for the linear modulation region and for the
overmodulation region using the modified SPWM technique.
In the case of any switch failure of the middle two inverters,
the topology can be operated as a three-level inverter up to
the modulation index of 0.5. This will increase the reliability
of the system during fault condition when compared with
conventional NPC or FC topologies. This topology does not
require any major design modifications of the induction motor
except the disconnection of IVPWCs. This concept can also
be applied to obtain a higher number of voltage levels for the
induction motor with a higher number of poles, which requires
more two-level inverters.

REFERENCES

[1] J. Rodriguez, S. Bernet, B. Wu, J. O. Pontt, and S. Kouro, “Multi-
level voltage-source-converter topologies for industrial medium-voltage
drives,” IEEE Trans. Ind. Electron., vol. 54, no. 6, pp. 2930-2945,
Dec. 2007.

J. Ewanchuk and J. Salmon, “Three-limb coupled inductor operation for

paralleled multi-level three-phase voltage sourced inverters,” IEEE Trans.

Ind. Electron., vol. 60, no. 5, pp. 1979-1988, May 2013.

[3] M. Hamzeh, A. Ghazanfari, H. Mokhtari, and H. Karimi, “Integrating
hybrid power source into an islanded mv microgrid using CHB multilevel
inverter under unbalanced and nonlinear load conditions,” IEEE Trans.
Energy Convers., vol. 28, no. 3, pp. 643-651, Sep. 2013.

[4] M. M. Renge and H. M. Suryawanshi, “Five-level diode clamped inverter

to eliminate common mode voltage and reduced dv/dt in medium voltage

rating induction motor drives,” IEEE Trans. Power Electron., vol. 23,

no. 4, pp. 1598-1607, Jul. 2008.

B. A. Welchko, T. A. Lipo, T. M. Jahns, and S. E. Schulz, “Fault tolerant

three-phase AC motor drive topologies: A comparison of features, cost,

limitations,” IEEE Trans. Power Electron., vol. 19, no. 4, pp. 1108-1116,

Jul. 2004.

[6] M. A. Parker, L. Ran, and S. J. Finney, “Distributed control of a fault-

tolerant modular multilevel inverter for direct-drive wind turbine grid

interfacing,” IEEE Trans. Ind. Electron., vol. 60, no. 2, pp. 509-522,

Feb. 2013.

T. Boller, J. Holtz, and A. K. Rathore, “Neutral-point potential balancing

using synchronous optimal pulsewidth modulation of multilevel invert-

ers in medium-voltage high-power AC drives,” IEEE Trans. Ind. Appl.,

vol. 50, no. 1, pp. 549-557, Jan./Feb. 2014.

[2

—

[5

—

[7

—



112

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 62, NO. 1, JANUARY 2015

[8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

M. Khazraei, H. Sepahvand, K. A. Corzine, and M. Ferdowsi, “Active
capacitor voltage balancing in single-phase flying-capacitor multilevel
power converters,” IEEE Trans. Ind. Electron., vol. 59, no. 2, pp. 769—
778, Feb. 2012.

R. Maheshwari, S. Munk-Nielsen, and S. Busquets-Monge, “Design of
neutral-point voltage controller of a three-level NPC inverter with small
DC-link capacitors,” IEEE Trans. Ind. Electron., vol. 60, no. 5, pp. 1861—
1871, May 2013.

F. Carnielutti, H. Pinheiro, and C. Rech, “Generalized carrier-based mod-
ulation strategy for cascaded multilevel converters operating under fault
conditions,” IEEE Trans. Ind. Electron., vol. 59, no. 2, pp. 679-689,
Feb. 2012.

B. Diong, H. Sepahvand, and K. A. Corzine, “Harmonic distortion opti-
mization of cascaded H-bridge inverters considering device voltage drops
and noninteger DC voltage ratios,” IEEE Trans. Ind. Electron., vol. 60,
no. 8, pp. 3106-3114, Aug. 2013.

V. T. Somasekhar, K. Gopakumar, M. R. Baiju, K. K. Mohapatra, and
L. Umanand, “A multilevel inverter system for an induction motor with
open-end windings,” IEEE Trans. Ind. Electron., vol. 52, no. 3, pp. 824—
836, Jun. 2005.

J. Ewanchuk, J. Salmon, and C. znd Chapelsky, “A method for supply
voltage boosting in an open-ended induction machine using a dual inverter
system with a floating capacitor bridge,” IEEE Trans. Power Electron.,
vol. 28, no. 3, pp. 1348-1357, Mar. 2013.

G. Mondal, K. Gopakumar, N. Tekwani, and E. Levi, “A reduced-switch-
count five-level inverter with common-mode voltage elimination for an
open-end winding induction motor drive,” IEEE Trans. Ind. Electron.,
vol. 54, no. 4, pp. 2344-2351, Aug. 2007.

K. Sivakumar, A. Das, R. Ramchand, C. Patel, and K. Gopakumar, “A
five-level inverter scheme for a four-pole induction motor drive by feeding
the identical voltage-profile windings from both sides,” IEEE Trans. Ind.
Electron., vol. 57, no. 8, pp. 2776-2784, Aug. 2010.

E. Cengelci, P. N. Enjeti, and J. W. Gray, “A new modular motor-modular
inverter concept for medium-voltage adjustable-speed-drive systems,”
IEEE Trans. Ind. Appl., vol. 36, no. 3, pp. 786—796, May/Jun. 2000.

K. K. Nallmekala and K. Sivakumar, “A five-level inverter topology for
four pole induction motor drive with single DC link,” in Proc. EEEIC,
May 2012, pp. 84-89.

M. R. Baiju, K. K. Mohapatra, R. S. Kanchan, and K. Gopakumar, “A
dual two-level inverter scheme with common mode voltage elimination
for an induction motor drive,” IEEE Trans. Power Electron., vol. 19, no. 3,
pp. 794-805, May 2004.

V. T. Somasekhar, S. Srinivas, B. Prakash Reddy, C. Nagarjuna Reddy,
and K. Sivakumar, “Pulse width-modulated switching strategy for the
dynamic balancing of zero-sequence current for a dual-inverter fed open-
end winding induction motor drive,” IET Elect. Power Appl., vol. 1, no. 4,
pp. 591-600, Jul. 2007.

N. Bodo, E. Levi, and M. Jones, “Investigation of carrier-based PWM
techniques for a five-phase open-end winding drive topology,” IEEE
Trans. Ind. Electron., vol. 60, no. 5, pp. 2054-2065, May 2013.

[21] A. L. Batschauer, S. A. Mussa, and M. L. Heldwein, “Three-phase hy-
brid multilevel inverter based on half-bridge modules,” IEEE Trans. Ind.
Electron., vol. 59, no. 2, pp. 668-678, Feb. 2012.

[22] P. C. Kruase, O. Wasynczuk, and S. D. Sudhoff, “Basic principles for
electric machine analysis,” in Analysis of Electrical Machinery and Drive
Systems, 2nd ed. Piscataway, NJ, USA: IEEE Press, 2002.

[23] M. K. Modi, S. Venugopal, and G. Narayanan, “Space vector based anal-
ysis of overmodulation in triangle-comparison based PWM for voltage
source inverter,” Sadhana, vol. 38, pt. 3, pp. 331-358, Jun. 2013.

[24] A. Dey, P. P. Rajeevan, R. Ramchand, K. Mathew, and K. Gopakumar,
“A space-vector-based hysteresis current controller for a general n-level
inverter-fed drive with nearly constant switching frequency control,”
IEEE Trans. Ind. Electron., vol. 60, no. 5, pp. 1989-1998, May 2013.

[25] A. Somani, R. K. Gupta, K. K. Mohapatra, and N. Mohan, “On the
causes of circulating currents in PWM drives with open-end winding AC
machines,” IEEE Trans. Ind. Electron., vol. 60, no. 9, pp. 3670-3678,
Sep. 2013.

Kiran Kumar N. received the B.Tech. degree
in electrical and electronics engineering
from  Gudlavalleru Engineering College,
Gudlavalleru, India, in 2006 and the M.Tech.
degree in power control and drives from the
National Institute of Technology, Rourkela,
India, in 2008. He is currently working toward
the Ph.D. degree at the Indian Institute of
Technology Hyderabad, Hyderabad, India.

His research interests include multilevel in-
verters, pulsewidth modulation techniques, and

ac drives.

K. Sivakumar (M’12) received the B.Tech.
degree in electrical engineering  from
Sri Venkateswara University, Tirupati, India, in
2004, the M.Tech. degree in power electronics
from the National Institute of Technology,
Warangal, India, in 2006, and the Ph.D. degree
from the Indian Institute of Science, Bangalore,
India, in 2010.

He is currently an Assistant Professor with
the Department of Electrical Engineering, Indian
Institute of Technology Hyderabad, Hyderabad,
India. His research interests include multilevel inverters, open-end wind-
ing induction-motor drives, pulsewidth modulation techniques, switched-
mode power conversion, microgrids, and power quality and control.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


