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Abstract—In this paper, a new five-level inverter topology for
open-end winding induction-motor (IM) drive is proposed. The
open-end winding IM is fed from one end with a two-level inverter
in series with a capacitor-fed H-bridge cell, while the other end
is connected to a conventional two-level inverter. The combined
inverter system produces voltage space-vector locations identical
to that of a conventional five-level inverter. A total of 2744 space-
vector combinations are distributed over 61 space-vector locations
in the proposed scheme. With such a high number of switching
state redundancies, it is possible to balance the H-bridge capacitor
voltages under all operating conditions including overmodulation
region. In addition to that, the proposed topology eliminates 18
clamping diodes having different voltage ratings compared with
the neutral point clamped inverter. On the other hand, it requires
only one capacitor bank per phase, whereas the flying-capacitor
scheme for a five-level topology requires more than one capacitor
bank per phase. The proposed inverter topology can be operated
as a three-level inverter for full modulation range, in case of
any switch failure in the capacitor-fed H-bridge cell. This will
increase the reliability of the system. The proposed scheme is
experimentally verified on a four-pole 5-hp IM drive.

Index Terms—H-bridge, multilevel inverter, open-end winding
induction motor (IM) drive.

I. INTRODUCTION

MULTILEVEL voltage-source inverters have been receiv-
ing more and more attention in the past few years for

high- and medium-power induction-motor (IM) drive applica-
tions. Many multilevel inverter configurations and pulsewidth
modulation (PWM) techniques are presented to improve the
output voltage harmonic spectrum [1], [3]–[5]. Some of the
popular multilevel configurations are the neutral point clamped
(NPC), series-connected H-bridge, flying capacitor, etc.
Although they can be configured for more than two levels,
as the number of levels increase, the power circuit and con-
trol complexity due to a large number of devices, increases.
An optimum topology for multilevel inverters for more than
three levels has not been achieved until now, and research is
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going on to improve the drive efficiency at reduced circuit
complexity and control. In NPC multilevel inverters [1]–[7],
the load current drawn from the neutral point will cause an
unequal voltage sharing between the series-connected capac-
itors. This will introduce unwanted harmonics in the inverter
output voltage and also results in an unequal voltage stress on
the switching devices. To avoid this problem, special voltage-
balancing techniques must be implemented [2], [5]–[7], or
isolated voltage sources have to supply each series-connected
capacitors. Although a scheme is proposed in [8] that allows the
NPC three-level inverter to operate with unbalanced capacitor
voltages, it increases the control-circuit complexity due to the
3-D space-vector arrangement. In cascaded H-bridge (CHB)
multilevel inverter structure [9]–[11], the H-bridge cells are
supplied from individual dc source and are series connected
to generate multilevel voltage profile. As the number of levels
increases, the CHB requires a huge number of isolated voltage
sources. In a flying-capacitor topology [12], more number of
levels in the phase voltage is generated by adding or sub-
tracting the capacitor voltages. It requires additional control
and increased switching for maintaining the capacitor voltages
constant. The power circuit and control complexity increases
when the number of levels increases in the output voltage. The
generalized multilevel inverter topology is presented in [13].
This topology is a combination of NPC and flying-capacitor
inverter topologies. However, it requires additional capacitor
banks and many active switches to generate a multilevel out-
put voltage. A hybrid asymmetric multilevel inverter topology
is proposed [14], by connecting a flying capacitor in series
with the NPC inverter. However, this scheme is not valid
for the entire operating range of the drive (with respect to
the power factor and modulation index). A dc-voltage-ratio
control strategy for single-phase two-cell CHB converter with
a single dc source is presented in [15]. However, this scheme
is based on the elimination of switching states which tend to
make the floating capacitor voltage unbalanced. Therefore, this
scheme cannot be operated for the full modulation range using
any arbitrary dc-voltage ratios (i.e., the ratio between the dc-
source voltage and floating-capacitor voltage). Moreover, if this
scheme is extended to a three-phase system, then it requires
three isolated voltage sources.
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Fig. 1. Proposed five-level inverter power circuit.

An interesting addition in this paper is the open-end winding
IM scheme [16]–[19]. Here, the number of levels in the phase
voltage can be increased by lower magnitude dc sources. In the
open-end winding scheme, the IM windings are fed from both
sides with two two-level inverter (with half the dc-link voltage
compared with conventional NPC inverter) to get a three-level
inverter topology [16]. Further, the number of levels on the
phase winding can be extended by cascading conventional
two- and three-level inverters [20]–[23]. However, this cannot
eliminate the series connection of the capacitors or voltage
sources. Thereby, it will introduce capacitor voltage unbalance
problems.

As mentioned earlier, it is possible to generate a three-level
voltage profile on the phase winding of an open-end IM by
feeding with two two-level inverters from both sides. In this
paper, this is further improved by connecting a capacitor fed
H-bridge cell in series with the motor phase winding. By bal-
ancing the H-bridge capacitor voltage, it is possible to generate
five voltage levels on a motor phase winding. Thereby, the dc-
bus voltage requirement is reduced to one-half compared with
a conventional NPC inverter. The inverter scheme proposed
in this paper produces 61 voltage space-vector locations as
in conventional (NPC or flying capacitor) five-level inverter
topology. A total of 2744 voltage space-vector combinations are
possible in this scheme, whereas the NPC five-level inverter can
produce only 125. In this work, with the advantage of additional
space-vector combinations, the H-bridge capacitor voltages are
balanced for the full modulation range. Thereby, the voltage-
balancing problems and complexity in the power circuit are also
minimized. In the case of any switch failure in the capacitor fed
H-bridge cell circuit, the proposed topology can still operate,
for the full modulation range, as a three level inverter (like
open-end winding structure [17]). Thereby, the reliability of
the system increases. This proposed topology is experimentally
verified on a 5-hp IM drive.

II. PROPOSED FIVE-LEVEL INVERTER SCHEME

The proposed five-level inverter power circuit is shown in
Fig. 1. In this circuit, only one voltage source is used with a
magnitude of Vdc/2 where Vdc is the dc-link voltage require-
ment for the conventional NPC inverter. This topology is an

extension of the open-end winding multilevel inverter structure.
An open end IM drive will have a three-level voltage space-
vector structure across the phase winding when fed from two-
level inverters from both sides [17]. In this work, the number
of levels on the phase voltage can be further increased by
introducing an additional capacitor-fed H-bridge cell in series
with motor phase windings. For this study, it is assumed that
the H-bridge capacitors (Ca, Cb, and Cc) are charged to a
voltage Vdc/4. If the two-level inverters are now clamped to
zero voltage, then the H-bridge cell can produce voltage levels
of Vdc/4, 0, and −Vdc/4 on the motor phase winding. On the
other hand, by clamping the H-bridge cell to zero voltage, the
two two-level inverters can generate voltage levels of Vdc/2,
0, and −Vdc/2 on the phase winding. When both of them are
operated together, it is possible to have five voltage levels on
the motor phase windings with a magnitude of Vdc/2, Vdc/4,
0, −Vdc/4, and −Vdc/2. For easy understanding, these voltage
magnitudes are defined as 2, 1, 0, −1, −2 levels, respectively.
The H-bridge capacitor voltages can always be maintained at
Vdc/4, using the switching state redundancy, as explained in the
next paragraph. The switches Sa1 to S ′

c1 and Sa4 to S ′
c4 in Fig. 1

are part of the two-level inverters which are fed from the voltage
source magnitude of Vdc/2. Therefore, the maximum voltage-
blocking capacity of these switches is Vdc/2. The remaining
switches in the proposed circuit (i.e., Sa2 to S ′

c3) are connected
in parallel to the capacitor; therefore, the maximum voltage-
blocking capacity of these switches is Vdc/4 (since the H-bridge
capacitor voltage is balanced at Vdc/4).

The possible switching combinations for the five voltage lev-
els on the A-phase winding are shown in Table I. In Table I, due
to the complementary nature of the two-level inverter switches,
switch Sa1 is “ON” automatically implies that switch S ′

a1 is
“OFF.” The current from points A to A′ (Fig. 1) is assumed to
be the positive direction of the current and is shown as ia > 0 in
Table I. The H-bridge capacitors can be charged or discharged
independently of the phase-current direction for the voltage
levels Vdc/4 and −Vdc/4. For example, if ia > 0, Ca can be
charged for the voltage level Vdc/4 by turning on the switches
Sa1 and Sa2 and by turning off the switches Sa3 and Sa4. It
can be discharged by turning off the switches Sa1, Sa2, and
Sa4 and by turning on the switch Sa3. The other voltage levels
(i.e., Vdc/2, 0, and −Vdc/2) on the phase winding is achieved
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TABLE I
ALL POSSIBLE SWITCHING COMBINATIONS FOR THE FIVE VOLTAGE LEVELS FOR PHASE A

Fig. 2. Voltage space-vector locations for a five-level inverter.

by bypassing the H-bridge capacitors; therefore it will not affect
the capacitor voltages. The switching states for the bypass
(H-bridge capacitor) operation are listed in Table I. The pro-
posed power circuit can generate two more voltage levels with
a voltage magnitude of 3 ∗ Vdc/4 and −3 ∗ Vdc/4. These addi-
tional voltage levels can be generated by placing the capacitor
in series with the dc-link voltage. However, at this voltage level,
the power circuit does not have any complementary state to
balance the H-bridge capacitor voltage. Therefore, the capacitor
voltage balancing is not possible with redundant switching
states when all the seven levels are used for PWM control.
Therefore, only five voltage levels are used for PWM control
in this study. If the capacitor in the H-bridge cell is replaced
with a dc-voltage source, then all seven levels can be used
for PWM control. However, the power circuit needs additional
three dc-link voltage sources which will increase the power
circuit complexity. From Table I, it can be noted that there are
14 possible switching combinations for one phase to realize the
five voltage levels. Therefore, a total of 2744 (14 × 14 × 14)
switching combinations are possible for this work. The space-
vector structure for the five-level inverter is shown in Fig. 2. The
possible switching combinations for the each space-vector point
(which is a vector addition of all three-phase voltages), shown
in Fig. 2, are listed in Table II, with the help of the voltage
levels. Note that each voltage level can be realized in a number
of ways, as shown in Table I.

TABLE II
SPACE-VECTOR LOCATIONS AND THE CORRESPONDING

SWITCHING STATES

It is known that inverters controlled by conventional 2-D
space-vector PWM (SVPWM) will produce a common-mode
(triplen) voltage along with the fundamental voltage on the
motor phase windings [16], [24] (i.e., the sum of all three phase
voltages is not equal to zero). The triplen harmonic content in
the phase voltage would cause a high triplen harmonic current
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Fig. 3. Modified five-level inverter topology.

to flow through the motor phases and power semiconductor
devices in Fig. 1. To suppress the triplen harmonic current,
either harmonic filter or isolated power supplies should be used.
In this proposed topology, two isolated voltage sources are used
to deny the path for triplen current (circulating currents). The
modified inverter topology is shown in Fig. 3.

The proposed topology can be operated as a dual-inverter-
fed open-end winding IM drive (i.e., three-level operation) [17]
for full modulation range, by properly clamping the H-bridge
cells. In case of any switch failure in inverter 1 or inverter 2,
the proposed scheme can be operated as a three-level inverter
by properly clamping the faulty inverter. This will increase the
reliability of the system in fault conditions.

III. SWITCHING STRATEGY AND H-BRIDGE

CAPACITOR DESIGN

In this work, the inverter-gating pulses are generated similar
to an SVPWM technique, using the sampled reference phase
voltage magnitudes [25]. The reference voltage space-vector
magnitude (V ∗

r ) (V ∗
r = v∗

a + v∗
be

j120◦
+ v∗

ce
j240◦

, where v∗
a,

v∗
b , and v∗

c are the reference voltages magnitudes of three
phases) can be calculated from the motor speed requirement
using a constant V/f control [1], [16]. The individual phase
voltage references (v∗

a, v∗
b , and v∗

c) can be derived from a
voltage space vector. To have maximum utilization of the dc-
bus voltage, in linear modulation, an offset voltage is added to
the three reference voltages [25], [26] given as

Voffset = −[max (v∗
a, v∗

b , and v∗
c)+min (v∗

a, v∗
b , and v∗

c)] /2

(1)

v∗
an = v∗

a+Voffset. (2)

The new A-phase reference voltage V ∗
an is shown in Fig. 4

for modulation index (the modulation index M is defined as the
ratio of the magnitude of the equivalent voltage space vector
(Vr), generated by the three phase voltages, to the dc-link
voltage) that is equal to 0.8. The voltage magnitude required
by the load is realized by comparing the reference voltage
waveform with the carrier wave. The switching state can be

Fig. 4. Reference voltage and four-level shifted triangle carriers.

selected from Table I, by observing the current direction and
H-bridge capacitor voltage.

The performance of the proposed topology is dependent on
the H-bridge capacitor ripple voltage. The capacitors can be de-
signed properly to restrict the ripple voltage within acceptable
limits. The capacitance required by the H-bridge capacitor can
be calculated by using the formula given in

C = Ip ∗ ΔT

ΔV
= Ip ∗ Ts

ΔV
(3)

where
C H-bridge capacitor (Ca, Cb, or Cc);
Ip peak phase current;
Ts switching time period;
ΔV peak-to-peak voltage ripple allowed in the H-bridge ca-

pacitor.
According to (3), if the peak-to-peak H-bridge capacitor

ripple voltage is allowed to vary up to 10 V, then for a load
current magnitude of 10 A at a switching frequency of 1 kHz,
the capacitor value is designed as 1000 μF.

The proposed topology is compared with the conventional
topologies (with respect to the switching devices, capaci-
tor banks, and isolated voltage sources) and is presented in
Table III. It can be observed that the number of active switches
is same for all the topologies, but the proposed topology
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TABLE III
COMPARISON BETWEEN THE PROPOSED TOPOLOGY AND

CONVENTIONAL FIVE-LEVEL INVERTER TOPOLOGIES

Fig. 5. (a) Top trace is H-bridge capacitor ripple voltage [Y -axis: 2 V/div],
second trace is motor phase voltage [Y -axis: 50 V/div], and third trace is phase
current [Y -axis: 1 A/div]. (b) Top trace is inverter 1 pole voltage, second trace
is inverter 2 pole voltage, third trace is H-bridge cell output voltage, and fourth
trace is phase current at M = 0.2 [Y -axis: 100 V/div and 1 A/div, and X-axis:
20 ms/div].

does not require additional clamping diodes as in the case
of NPC inverter. However, the proposed topology requires 12
switches with a maximum voltage rating of Vdc/4, and the
other 12 switches have a maximum voltage rating of Vdc/2.
The proposed topology requires two isolated voltage sources
(Vdc/2) only, whereas the H-bridge topology requires six

Fig. 6. (a) Top trace is H-bridge capacitor ripple voltage [Y -axis: 2 V/div],
second trace is motor phase voltage [Y -axis: 50 V/div], and third trace is phase
current [Y -axis: 1 A/div]. (b) Top trace is inverter 1 pole voltage, second trace
is inverter 2 pole voltage, third trace is H-bridge cell output voltage, and fourth
trace is phase current at M = 0.4 [Y -axis: 100 V/div and 1 A/div, and X-axis:
10 ms/div].

isolated voltage sources with a voltage magnitude of Vdc/4.
For five-level operation, the number of capacitor banks (with
voltage rating of Vdc/4) required in NPC and flying-capacitor
topologies are, respectively, 4 and 18. On the other hand, the
proposed topology requires only three capacitor banks (with
voltage rating of Vdc/4).

IV. EXPERIMENTAL RESULTS

The proposed five-level inverter topology is experimentally
verified on a 5-hp open-end winding IM. The motor is run
at no-load condition to show the effect of changing PWM
patterns on the motor current. Open loop V/f control is used
to test the drive for the full modulation range. Throughout
the speed range, the switching frequency is kept at 1 kHz,
and the H-bridge capacitor value is chosen as 1100 μF. The
controller is implemented in TMS320F2812 DSP platform with
the gating signals generated from SPARTAN XC3S200 field-
programmable gate array.

Experimental results for modulation index of 0.2 (i.e., in-
verter output fundamental voltage frequency is 10 Hz) are
shown in Fig. 5. The H-bridge capacitor ripple voltage, phase
voltage, and phase current are shown in Fig. 5(a). As seen
from the phase voltage waveform, the proposed topology is
operating in a two-level mode. Because of no-load operation,
the H-bridge capacitor peak-to-peak voltage ripple is less than
1 V, which is about 10% of the full-load voltage ripple allowed
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Fig. 7. (a) Top trace is H-bridge capacitor ripple voltage [Y -axis: 2 V/div],
second trace is motor phase voltage [Y -axis: 50 V/div], and third trace is phase
current [Y -axis: 1 A/div]. (b) Top trace is inverter 1 pole voltage, second trace
is inverter 2 pole voltage, third trace is H-bridge cell output voltage, and fourth
trace is phase current at M = 0.6 [Y -axis: 100 V/div and 1 A/div and X-
axis: 10 ms/div]. (c) Normalized harmonics spectrum of phase voltage, X-axis:
Harmonic order, Y -axis: normalized harmonic magnitude (linear scale).

by the capacitors. Fig. 5(b) shows the pole voltages of inverter
1 and inverter 2 and the H-bridge cell output voltage (i.e.,
difference of the two pole voltage in H-bridge cell) and phase
current at no load. From this, it can be observed that high-
voltage-fed inverters (i.e., inverter 1 and inverter 2 in Fig. 3) are
switching half of the period in fundamental cycle. Therefore,
this will reduce the switching losses of the drive.

Another set of experimental results, for modulation index
of 0.4, are shown in Fig. 6. The waveforms are in the same
order, similar to the previous set of experimental results. From
Fig. 6(a) it can be noted that the inverter is operating in a
three-level mode, and the H-bridge capacitor voltage is well
balanced and the peak to peak ripple is less than 1 V. From
Fig. 6(b), it can be seen that at this modulation index also, the
high-voltage-fed inverters, inverter 1 and inverter 2 (Fig. 3), are
switching for half a period in a fundamental cycle. Similar kind

Fig. 8. (a) Top trace is H-bridge capacitor ripple voltage [Y -axis: 2 V/div],
second trace is motor phase voltage [Y -axis: 50 V/div], and third trace is phase
current [Y -axis: 1 A/div]. (b) Top trace is inverter 1 pole voltage, second trace
is inverter 2 pole voltage, third trace is H-bridge cell output voltage, and fourth
trace is phase current at M = 0.8 [Y -axis: 100 V/div and 1 A/div, and X-
axis: 5 ms/div]. (c) Normalized harmonics spectrum of phase voltage, X-axis:
Harmonic order, Y -axis: normalized harmonic magnitude (linear scale).

of experimental results are shown for modulation indexes of 0.6
(i.e., inverter output fundamental voltage frequency is 30 Hz)
and 0.8 (i.e., inverter output fundamental voltage frequency is
40 Hz) in Figs. 7 and 8, respectively. From the aforementioned
experimental results, it can be observed that the inverter is
operating in a four-level mode at modulation index of 0.6 and in
a five-level mode of operation at modulation index of 0.8. The
H-bridge capacitor voltage is well balanced (since the ripple
voltage magnitude is less) when the inverter is operating at four-
level and five-level modes. Fig. 7(c) shows the normalized har-
monic spectrum of the phase voltage (VAA′) for fundamental
voltage frequency of 30 Hz (i.e., M = 0.6). Therefore, the first
center-band harmonics appear at 33 (1000 Hz/30 Hz) times the
fundamental frequency. However, as seen from Fig. 7(c), the
magnitudes of the harmonics are highly suppressed because of
the four-level operation of the inverter. A normalized harmonic
spectrum of phase voltage at M = 0.8 (i.e., 40 Hz operation) is
shown in Fig. 8(c). At this operating condition, the first center-
band harmonics is present at 25 (1000 Hz/40 Hz) times the
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Fig. 9. (a) Top trace is H-bridge capacitor ripple voltage [Y -axis: 2 V/div],
second trace is motor phase voltage [Y -axis: 50 V/div], and third trace is phase
current [Y -axis: 1 A/div]. (b) Top trace is inverter 1 pole voltage, second trace
is inverter 2 pole voltage, third trace is H-bridge cell output voltage, and fourth
trace is phase current for overmodulation [Y -axis: 100 V/div and 1 A/div, and
X-axis: 5 ms/div].

Fig. 10. Top trace is H-bridge capacitor voltage [Y -axis: 50 V/div], second
trace is motor phase voltage [Y -axis: 100 V/div], and third trace is phase current
during the acceleration from two level mode of operation to a five-level mode
of operation. [Y -axis: 2 A/div, X-axis: 5 s/div].

fundamental frequency. However, here also, the harmonics are
highly suppressed because of a five-level operation.

Similar set of experimental results are shown in Fig. 9 for
overmodulation. From this experimental results, it can be seen
that the H-bridge capacitor voltage is well balanced (since the
ripple voltage magnitude is less) when the inverter is operating
at overmodulation. Inverter 1 and inverter 2 are switching for
half the period in a fundamental cycle. It indicates that for the
entire modulation range, the high-voltage-fed inverters (inverter
1 and inverter 2 in Fig. 3) are switching half the period in a
fundamental cycle, which will reduce the switching losses, and
thereby, the efficiency of the drive system increases.

Fig. 10 shows the transient performance of the proposed
scheme during speed-reversal operation of the drive. In Fig. 10,
the waveforms show the H-bridge capacitor voltage, IM phase
voltage, and phase current. From the aforementioned wave-
forms can be observed the smooth transitions of operating
levels of the inverter when speed-reversal command is given
in a five-level mode of operation. Even though accelerating and
decelerating the motor draw current much more than the steady-
state operation, yet the capacitor voltage is balanced for the full
modulation range. Thereby, the traces conform that the present
scheme is capable of balancing the H-bridge capacitor voltage
throughout the modulation range.

V. CONCLUSION

In this paper, the concept of open-end winding structure
has been extended by adding a capacitor-fed H-bridge cell
in series with the motor phase winding. This results in a
five-level inverter topology. It does not require any clamping
diodes as in a conventional five-level NPC inverter. It requires
only one capacitor bank for each phase, whereas the five-
level flying-capacitor topology requires six additional capacitor
banks with a voltage rating of Vdc/4 for each phase. Therefore,
the proposed topology reduces the power circuit complexity
compared with NPC or flying-capacitor topologies. In case
of any switch failure in the H-bridge cell, the proposed in-
verter topology can be operated as a three-level inverter for
full modulation range (by appropriately clamping the H-bridge
cell). Inherent H-bridge capacitor voltage balancing eliminates
the need for additional dc-power supplies and hence, increases
the reliability of the power circuit and also reduces the power
circuit complexity. In case of any failure in inverter 1 and
inverter 2 (Fig. 3), this topology can be operated as a three-
level inverter in lower modulation index. The proposed five-
level inverter topology has been experimentally verified for the
full modulation range, on a 5-hp IM drive, for steady-state as
well as transient conditions using V/f control.

REFERENCES

[1] A. Nabae, I. Takahashi, and H. Agaki, “A new neutral point-clamped
PWM inverter,” IEEE Trans. Ind. Appl., vol. IA-17, no. 5, pp. 518–523,
Sep. 1981.

[2] G. P. Adam, S. J. Finney, A. M. Massoud, and B. W. Williams, “Capacitor
balance issues of the diode-clamped multilevel inverter operated in a quasi
two-state mode,” IEEE Trans. Ind. Electron., vol. 55, no. 8, pp. 3088–
3099, Aug. 2008.

[3] 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.

[4] L. G. Franquelo, J. Rodriguez, J. I. Leon, S. Kouro, R. Portillo, and
M. A. M. Prats, “The age of multilevel converters arrives,” IEEE Ind.
Electron. Mag., vol. 2, no. 2, pp. 28–39, Jun. 2008.

[5] J. Holtz and N. Oikonomou, “Neutral point potential balancing algorithm
at lower modulation index for three level inverter medium voltage drives,”
IEEE Trans. Ind. Appl., vol. 43, no. 3, pp. 761–768, May/Jun. 2007.

[6] A. Videt, P. Le Moigne, N. Idir, P. Baudesson, and X. Cimetiere, “A
new carrier-based PWM providing common-mode-current reduction and
DC-bus balancing for three-level inverters,” IEEE Trans. Ind. Electron.,
vol. 54, no. 6, pp. 3001–3011, Dec. 2007.

[7] S. Busquets-Monge, J. D. Ortega, J. Bordonau, J. A. Beristain, and
J. Rocabert, “Closed-loop control of a three-phase neutral-point-clamped
inverter using an optimized virtual-vector-based pulse width modulation,”
IEEE Trans. Ind. Electron., vol. 55, no. 5, pp. 2061–2071, May 2008.



3714 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 57, NO. 11, NOVEMBER 2010

[8] J. I. Leon, S. Vazquez, R. Portillo, L. G. Franquelo, J. M. Carrasco,
P. W. Wheeler, and A. J. Watson, “Three-dimensional feedforward space
vector modulation applied to multilevel diode-clamped converters,” IEEE
Trans. Ind. Electron., vol. 56, no. 1, pp. 101–109, Jan. 2009.

[9] P. Lezana, J. Rodriguez, and D. A. Oyarzun, “Cascaded multilevel inverter
with regeneration capability and reduced number of switches,” IEEE
Trans. Ind. Electron., vol. 55, no. 3, pp. 1059–1066, Mar. 2008.

[10] M. D. Manjrekar, P. K. Steimer, and T. A. Lipo, “Hybrid multilevel power
conversion system: A competitive solution for high-power applications,”
IEEE Trans. Ind. Appl., vol. 36, no. 3, pp. 834–841, May/Jun. 2000.

[11] M. Rotella, G. Penailillo, J. Pereda, and J. Dixon, “PWM method
to eliminate power sources in a nonredundant 27-level inverter for
machine drive applications,” IEEE Trans. Ind. Electron., vol. 56, no. 1,
pp. 194–201, Jan. 2009.

[12] J. Huang and K. A. Corzine, “Extended operation of flying capacitor
multilevel inverters,” IEEE Trans. Power Electron., vol. 21, no. 1,
pp. 140–147, Jan. 2006.

[13] F. Z. Peng, “A generalized multilevel inverter topology with self volt-
age balancing,” IEEE Trans. Ind. Appl., vol. 37, no. 2, pp. 611–618,
Mar./Apr. 2001.

[14] M. Veenstra and A. Rufer, “Control of a hybrid asymmetric multilevel
inverter for competitive medium-voltage industrial drives,” IEEE Trans.
Ind. Appl., vol. 41, no. 2, pp. 655–664, Mar./Apr. 2005.

[15] S. Vazquez, J. I. Leon, L.G. Franquelo, J. J. Padilla, and J. M. Carrasco,
“DC-voltage-ratio control strategy for multilevel cascaded converters fed
with a single dc source,” IEEE Trans. Ind. Electron., vol. 56, no. 7,
pp. 2513–2521, Jul. 2009.

[16] H. Stemmler and P. Geggenbach, “Configurations of high power voltage
source inverter drives,” in Proc. EPE Conf., Brighton, U.K., 1993, vol. 5,
pp. 7–12.

[17] E. G. Shivakumar, K. Gopakumar, S. K. Sinha, A. Pittet, and
V. T. Ranganathan, “Space vector PWM control of dual inverter fed open-
end winding induction motor drive,” in Proc. IEEE Appl. Power Electron.
Conf., Mar. 2001, vol. 1, pp. 399–405.

[18] V. T. Somasekhar, S. Srinivas, and K. K. Kumar, “Effect of zero-
vector placement in a dual-inverter fed open-end winding induction-motor
drive with a decoupled space-vector PWM strategy,” IEEE Trans. Ind.
Electron., vol. 55, no. 6, pp. 2497–2505, Jun. 2008.

[19] A. Gopinath, A. S. A. Mohamed, and M. R. Baiju, “Fractal based space
vector PWM for multilevel inverters—A novel approach,” IEEE Trans.
Ind. Electron., vol. 56, no. 4, pp. 1230–1237, Apr. 2009.

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

[21] P. N. Tekwani, R. S. Kanchan, and K. Gopakumar, “A dual five-level
inverter-fed induction motor drive with common-mode voltage elimina-
tion and DC-link capacitor voltage balancing using only the switching-
state redundancy—Part I,” IEEE Trans. Ind. Electron., vol. 54, no. 5,
pp. 2600–2608, Oct. 2007.

[22] P. N. Tekwani, R. S. Kanchan, and K. Gopakumar, “A dual five-level
inverter-fed induction motor drive with common-mode voltage elimina-
tion and dc-link capacitor voltage balancing using only the switching-
state redundancy—Part II,” IEEE Trans. Ind. Electron., vol. 54, no. 5,
pp. 2609–2617, Oct. 2007.

[23] 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.

[24] M. M. Prats, L. G. Franquelo, R. Portillo, J. I. Leon, E. Galvan, and
J. M. Carrasco, “A three-dimensional space vector modulation generalized
algorithm for multilevel converters,” IEEE Power Electron. Lett., vol. 1,
no. 4, pp. 110–114, Dec. 2003.

[25] R. S. Kanchan, M. R. Baiju, K. K. Mohapatra, P. P. Ouseph, and
K. Gopakumar, “Space vector PWM signal generation for multilevel in-
verters using only the sampled amplitudes of reference phase voltages,”
Proc. Inst. Elect. Eng.—Elect. Power Appl., vol. 152, no. 2, pp. 297–309,
Apr. 2005.

[26] B. P. McGrath, D. G. Holmes, and T. Lipo, “Optimized space vector
switching sequences for multilevel inverters,” IEEE Trans. Power
Electron., vol. 18, no. 6, pp. 1293–1301, Nov. 2003.

K. Sivakumar (S’08) received the B.Tech. degree
in electrical engineering from Sri Venkateswara Uni-
versity, Tirupati, India, in 2004 and the M.Tech.
degree in power electronics from the National
Institute of Technology, Warangal, India, in 2006.
He is currently working toward the Ph.D. degree in
the Centre for Electronics Design and Technology,
Indian Institute of Science, Bangalore, India.

His fields of interest are multilevel inverters,
pulsewidth modulation techniques, and ac drives.

Anandarup Das (S’08) received the B.E. degree
in electrical engineering from Bengal Engineering
College, Kolkata, India, in 2002 and the M.Tech.
degree in power electronics from the Indian Insti-
tute of Technology, New Delhi, India, in 2006. He
is currently working toward the Ph.D. degree in
the Centre for Electronics Design and Technology,
Indian institute of Science, Bangalore, India.

His fields of interest are in multilevel inverter-fed
drives, power quality, and control.

Rijil Ramchand (S’09) received the B.Tech. degree
in electrical engineering from Calicut University,
Thenhipalam, India, in 1996 and the M.E. degree
from the Indian Institute of Science, Bangalore,
India, in 2003, where he is currently working toward
the Ph.D. degree in the Centre for Electronics Design
and Technology.

He is a Member of the faculty with the Department
of Electrical Engineering, National Institute of Tech-
nology, Calicut, India. His fields of interest are power
converters, pulsewidth modulation techniques, and

ac drives.

Chintan Patel (S’08) received the B.E. degree
in electrical engineering from South Gujarat Uni-
versity, Surat, India, in 2000 and the M.Tech.
degree in electrical engineering from the Institute
of Technology–Banaras Hindu University, Varanasi,
India, in 2003. He is currently working toward
the Ph.D. degree in the Centre for Electronics De-
sign and Technology, Indian Institute of Science,
Bangalore, India.

He was a Lecturer with Nirma University,
Ahmedabad, India, from 2003 to 2007. His research

interests include sensorless control of induction motors and hysteresis current
controller.

K. Gopakumar (M’94–SM’96) received the B.E.,
M.Sc. (Eng.), and Ph.D. degrees from the Indian
Institute of Science, Bangalore, India, in 1980, 1984,
and 1994, respectively.

He was with the Indian Space Research Organi-
zation from 1984 to 1987. He is currently with the
Indian Institute of Science as a Professor and the
Chairman of Centre for Electronics Design and Tech-
nology. His fields of interest are power converters,
pulsewidth modulation techniques, and ac drives.

Dr. Gopakumar is a fellow of the Institution of
Electrical and Telecommunication Engineers, India, and the Indian National
Academy of Engineers. He currently serves as an Associate Editor for IEEE
TRANSACTIONS ON INDUSTRIAL ELECTRONICS.



<<
  /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


