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A Six-level SPWM Inverter for an Open-end Winding
Induction Motor
K.Chandra Sekhar1 and G.Tulasi Ram Das
Abstract –A six-level inverter system for an open-end
winding induction motor drive is presented in this paper.
Multilevel inversion is achieved by feeding an open-end
winding induction motor with a 3-level inverter from one end
and a 2-level inverter from the other end of the motor. The 3level inverter used in the proposed drive, is realized by
cascading two 2-level inverters. The combined inverter
system with open-end winding induction motor produces
voltage space phasor levels identical to a conventional 6-level
inverter. In the multilevel carrier based sinusoidal pulse
width modulation (spwm), used for the proposed drive, a
progressive discrete DC bias depending upon the speed range
is given to the reference wave so that the drive can operate in
the k-level modes (k = 2, 3, … 6) depending on the speed
range. The inverter with the higher DC-link voltage is
switching less frequently, compared to the inverter with the
lower DC-link voltage.
Keywords - Multilevel inverter, open-end winding induction
motor, multilevel carrier based sinusoidal pulse width
modulation

I. INTRODUCTION
Multilevel inverters have found increased relevance in the
area of high power high voltage applications in the recent
years since they were proposed in 1981[1][2][3]. The
Multilevel inverters investigated for large induction motor
drives fall under four general categories: the neutral-point
clamped inverters, flying capacitor multilevel inverters,
cascaded H-bridge inverters and open-end winding
induction motor fed by dual inverters.
The neutral point clamped inverters experience neutral
point fluctuations, as the DC-link capacitors have to carry
the load current [4][5]. Flying capacitor topology is
another scheme proposed for the multilevel inverters [6].
This structure does not require the neutral clamping diodes
but needs as many capacitors as floating DC voltage
sources. Higher number of levels is obtainable with series
connected hybrid topology are more complex [7][8].
Dual inverter fed open-end winding induction motor
drives also results in multilevel inverter structure [9][10].
A Dual inverter scheme with asymmetrical DC link
voltages for the open-end winding induction motor is
capable of producing a 4-level PWM waveform with
reduced switching ripple for the motor phase voltage [11].
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A multilevel system that is capable of realizing a PWM
waveform ranging from 2-level to 5-level is described in
[12]. In the topology described in [12], an asymmetrical 3level inverter and a 2-level inverter feed an induction
motor with open-end windings. The waveforms in [12]
were obtained by switching the appropriate space vector
combination using the look-up table. It is a formidable and
cumbersome proposition to switch appropriate space
vector combinations using look-up table approach. The
three-level inverter in [13] is constituted by the cascade
connection of two 2-level inverters with equal DC-link
voltage.
In the present work, an inverter system to produce a
multilevel PWM waveform ranging from 2-level to 6-level
for the motor phase voltage for an open-end winding
induction motor drive is proposed. In the proposed scheme,
an open-end winding induction motor is fed with a
symmetrical three-level inverter from one end and a twolevel inverter from the other end. In the present work,
symmetrical three-level inversion is obtained by
connecting two 2-level inverters with equal DC-link
voltage in cascade. The inverter scheme proposed in this
paper produces voltage space phasor levels equivalent to a
conventional 6-level inverter. This six-level inverter does
not experience neutral point fluctuations and uses a lesser
number of DC sources compared to the series H-bridge
topology. A multilevel carrier based PWM is implemented
for the drive where a progressive discrete DC bias is given
to the reference wave depending upon the speed range.
This results in a reduction of the switching ripple in the
motor phase voltage waveform. This multilevel carrier
based PWM eliminates the use of look-up approach to
switch the appropriate space vector combination as in [12].
II. PROPOSED POWER CIRCUIT CONGIHURATION
The proposed power circuit topology to realize a
multilevel phase voltage is shown in Fig.1. In this circuit
configuration, an open-end winding induction motor is fed
from a 3-level inverter (two 2-level inverters are
connected in cascade-inverter-1 & inverter-2 of Fig.1)
from one end and a two-level inverter (inverter-3 of Fig.1)
from the other end of the motor. The DC-link voltages of
inverter-1, inverter-2 and inverter-3 are (2/6)Vdc, (2/6)Vdc
and (1/6)Vdc respectively, where Vdc is the DC-link voltage
of an equivalent conventional single 2-level inverter drive.
For inverter-2, let VA2o, VB2o and VC2o represent the pole
voltages of A, B and C phases respectively, referred to the
point ‘O’ (Fig.1). The pole voltage, of any phase for
inverter-2 for example VA2o (Fig.1) attains a voltage of
(2/6) Vdc, if the following conditions are satisfied:
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Fig. 1: Schematic circuit diagram of the proposed inverter drive scheme
z
z

The top switch of that leg in inverter-2, in this case
S21, is turned on (Fig.1).
The bottom switch of the corresponding leg in
Inverter-1, in this case S14, is turned on (Fig.1).

Similarly the pole voltage of any phase in inverter-2, for
example VA2o attains a voltage of (4/6)Vdc, if the following
conditions are satisfied:
z
z

The top switch of that leg in inverter-2, in this case
S21, is turned on (Fig.1).
The top switch of the corresponding leg in inverter-1,
in this case S11, is turned on (Fig.1).

Thus, the DC-input points of individual phases of inverter2 may be connected to a DC-link voltage of either (4/6)
Vdc or (2/6) Vdc by turning on the top switch or the bottom
switch of the corresponding phase leg in inverter-1.
Additionally, the pole voltage of a given phase in inverter2 attains a voltage of zero, if the bottom switch of the
corresponding leg in inverter-2 is turned on. Thus, the pole
voltage of a given phase for inverter-2 is capable of
assuming one of the three possible values 0, (2/6)Vdc and
(4/6)Vdc, which is the characteristic of a three level
inverter. This configuration of 3-level inverter eliminates
the neutral point fluctuations associated with the
conventional neutral clamped 3-level inverter [1] as the
capacitors C1 and C2 do not carry the load current but only
the ripple currents. Also, the fast recovery neutral
clamping diodes are eliminated in this topology of 3-level
inverter. This 3-level inverter can be synthesized by
reconnecting two existing 2-level inverters as a retrofit.
The pole voltages of 2-level inverter ‘inverter-3’ (VA3O ,
’

VB3O , VC3O ) assume one of the two values 0 or (1/6)Vdc
’

’

depending on whether the top switch or the bottom switch
of a given phase leg is turned on. When these inverters
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drive the induction motor from both sides each phase of
the induction motor can attain six different levels. To find
the equivalent levels when Three level inverter and two
level inverter are switched independently, the points O and
O’ are assumed to be connected. The different levels,
generated for phase-A when Three level inverter and two
level inverters are switched with different pole voltage
levels are shown in Table-1.
It can be verified that all the other phases also can realize
these six levels. It can be seen that the first two levels –
(1/6) Vdc and 0 (L1, L2) are obtained when Three level
inverter is clamped to zero while two level inverter is
switched to (1/6) Vdc and 0. For the third and fourth levels
(L3, L4) Three level inverter is clamped to its second level
(2/6)Vdc, while two level inverter is switched to (1/6) Vdc
and 0. For the fifth and sixth levels (L5, L6) Three level
inverter can be clamped to third level (4/6)Vdc while two
level inverter is switched to (1/6) Vdc and 0. Hence the
Three level inverter is switched less frequently as the
inverter operates in all these levels.
It may be noted that when the bottom switch in a leg of the
bottom inverters (inverter-2 or inverter-3) is ON, taking
the machine winding end to O or O’, the top switch of top
inverter in the same leg could be ON or OFF. But if the
top switch of the top inverter (inverter-1) is also made ON,
the top switch of the bottom inverter would have to block
twice DC link voltage [i.e.(4/6)Vdc]. So whenever the
bottom switch in any leg of the bottom inverter is ON, the
top switch in the same leg of the top inverter is kept OFF.
The condition to be forced on the top switches of the
inverters to realize these 6-levels in the A-phase is shown
in the Table-2. The state of the bottom switch is
complementary to the condition of the top switch in the
same leg. The bottom switches of the bottom inverter of
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Three level inverter (inverter-2) have to be rated for
(4/6)Vdc, as they will have to block (4/6)Vdc when the top
switches of inverter-1 and inverter-2 are switched on. The
bottom switches of the bottom of two level inverter
(inverter-3), have to be rated for (1/6)Vdc, as they will have
to block (1/6)Vdc.
This six-level topology does not need the clamping diodes
as in the case of neutral-point clamped inverters. The DClink capacitors do not carry the load current and hence the
neutral-point fluctuations are absent. When compared with
the series-connected H-bridge, it uses the less number of
switching devices and DC-sources. The five-level inverter
configuration has further been improvised to yield a sixlevel operation would results in a better waveform with
lower THD.

This equivalent vector can be determined by resolving the
phase voltages along two mutually perpendicular axes, -
axes of which  is along the A-phase(Fig.2). The space
vector is then given by
V = V () +jV ()
s

s

(3)

s

Where Vs () is the sum of all components of VA2A3, VB2B3
and VC2C3 along the  axis and Vs () is the sum of the
components VA2A3, VB2B3 and VC2C3 along the  axis. The
voltage components Vs () and Vs () can be thus obtained
by the following transformation

Table 1: The levels realized in the A-phase winding when
Three level inverter and Two level inverter are switched
independently

Pole-voltage Pole-voltage Motor phase
of Three Of Two level voltage VA2A3=
VA20 - VA30)
Inverter
level
(VA30)
inverter
(VA20)
0
(1/6)Vdc
-(1/6)Vdc
0
0
0
(1/6)Vdc
(1/6)Vdc
(2/6)Vdc
0
(2/6)Vdc
(2/6)Vdc
(1/6)Vdc
(3/6)Vdc
(4/6)Vdc
0
(4/6)Vdc
(4/6)Vdc

Level

L1
L2
L3
L4
L5
L6

Table 2: The Status of the switches in the inverters for each of
six levels

Level in A-phase

Status of the top switches of the
2-level inverters (The bottom
switches condition is
complementary)
Inverter1
Inverter1
Inverter1
S21
S31
S11
OFF
OFF
ON
OFF
OFF
OFF
OFF
ON
ON
OFF
ON
OFF
ON
ON
ON
ON
ON
OFF

Voltage
L1
L2
L3
L4
L5
L6

-(1/6)Vdc
0
(1/6)Vdc
(2/6)Vdc
(3/6)Vdc
(4/6)Vdc

III. VOLTAGE SPACE PHASORS OF PROPOSED SCHEME
The combined effect of three voltages in the three 120
degree separated phase winding of the induction motor at
any instant, could be represented by an equivalent vector
in space. This space vector Vs for the dual inverter scheme
,

is given by
j(2/3)

V =V
s

A2A3

+V

B2B3 .

e

j(4/3)

+V

C2C3

.e

.

(1)

Substituting expressions for the phase voltages in the
above equation gives
j(2/3)

V = (V
s

A2O

–V

A3O’

) + (V

B2O

–V

B3O’

). e

j(4/3)

+(V

C2O

–V

C3O’

). e

(2)

Fig. 2: Determination of equivalent space vector from phase
voltages
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Substituting expressions for the phase voltages in the
above equation gives

ªVs (D ) º
«
»
¬VS ( E ) ¼

1
1 ºª
ª
V  VA30' º
«1  2  2 » « A 20
»
«
» «VB 20  VB 30' »
3
3»«
«
»
«¬0 2  2 »¼ ¬VC 20  VC 30' ¼

(7)

The inverters can take different levels of pole voltages
independently in the three phases depending upon the
condition of the inverter switches and for each of the
different combination of their pole voltages, VA2o, VB2o
and VC2o for the Three level inverter and VA3o , VB3o and
’

’

VC3o for the two level inverter. The equivalent voltage
’

space phasor Vs, can be determined using equations (3)
and (7). All the space phasors can be determined for all the
possible combinations of the pole voltages of the two
inverters. They will occupy different locations as shown in
Fig.3, where the location marked ‘1’ is the location of the
zero amplitude space vector. When compared with fivelevel inverter the space phasor locations are enhanced to
91 from 61and the sectors are enhanced to 150 from 91 in
the space vector point of view. The maximum amplitude
of the space phasor generated can be verified to be Vdc.
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A. Effect of Common-Mode Voltage in Space Phasor
Locations
In the above analysis for deriving the different levels and
the space phasor locations, the points O and O’ were
assumed to be connected. When these points are not
connected (as in the proposed drive Fig.1), the actual
phase voltages are
V

=V

–V

–V

(8)

V

=V

–V

–V

(9)

V

=V

A2A 3
B2B3

B2O

C2C3

V

O’O

A2O

A3O’

B3O’

O’O

–V

C2O

O’O

C3O’

–V

(10)

O’O

corresponds to the common-mode voltage present in

this balanced three-phase system and is given by
V

O’O

=  (V

+V

A2O

B2O

+V

C2O

+V

–  (V

A3O’

B3O’

)

+V

C3O’

)

(11)

Substituting these expressions for the phase voltages in (1)

Fig. 3: The voltage space phasor locations for the proposed drive
91 locations forming 150 triangular sections equivalent to a 6level Inverter.

IV. MODULATION SCHEME FOR THE PROPOSED
INVERTER
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Multilevel carrier based SPWM is used for the proposed
inverter scheme. The multilevel carrier based PWM for an
N-level inverter uses a set of N-1 adjacent level shifted
triangular carrier waves with the amplitude and frequency

.e

)

[14]. If reference wave has peak amplitude Vm and
frequency fm, the modulation index is defined with
reference to a triangular wave of peak-to –peak amplitude
of VC (N-1) as
*

M = 2V / V (N-1).
a

In this equation
j(2/3)

(V
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+V

=V
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and the equation then reduces to
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For the 6-level inverter drive structure, 5 triangular waves
C1 to C5, with peak-to-peak amplitude of VC are used, as
shown in Fig.4a. The peak-to-peak amplitude of each
carrier is VC = (1/6)Vmax, where Vmax is the maximum
value possible for the modulating signal. These five
carriers divide the entire range of modulating signal to six
regions R1 to R6, R1 being the region below the lowest
carrier C1 and R6 the region above the highest carrier C5.
The regions between these two carriers are referred as R2
to R5. When the modulating signal is in a particular region
a corresponding voltage level is applied across the motor
phase winding as assigned below:
R1 => -(1/6)V ; R2 => 0; R3 => (1/6)V ;
dc
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dc

R4 => (2/6)V ; R5 => (3/6)V ; R6 => (4/6)V ;
dc

This equation is the same as that derived earlier (2),
assuming that points O and O’ were connected. Hence the
above analysis shows that the common-mode present
between points O and O’ does not change the space phasor
locations. This common-mode voltage will result only in
the multiplicity of space phasors in different locations, and
the system with isolated O and O’ points generates the
same voltage-space phasors.

(12)

C

dc

dc

(13)

Three 120 degree phase shifted sinusoids with 20% third
harmonics content are used as the reference waves for the
proposed carrier based SPWM. The addition of third
harmonic content increases the maximum fundamental
voltage amplitude that can be generated using the SPWM
scheme [15].
These reference waves are continuously compared with
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the carrier set to determine the region (R1, R2…R6) in
which the instantaneous value of the reference wave exists.
This comparison is performed simultaneously for all the
three phases. Control signals for the two inverters then can
be generated such that the appropriate devices are
switched to realize the particular level in a particular phase
depending upon the region. It may be noted that the
proposed inverter can realize the even numbered levels
also, and can start with the 2-level operation and
progressively move to the 3-level, 4-level, 5-level and to
the 6-level operation as the modulation index increases.
*

*

For low modulation index such that Vm VC/2 where Vm
is the peak value of the modulating signal, in conventional
SPWM the reference waves are placed at the center of the
carrier set (Fig.4a). This will result in a 4-level operation
as the modulating signal at different instants could be in
one of the four regions R2, R3, R4 or R5. To realize the
four levels associated with these regions (13), both
inverters

Fig. 4 (a): The carrier and the different regions in the multi-level
carrier PWM

Three level inverter and two level inverter would be
switching (Table-2). Now if the reference wave is placed
at the middle of the lowest carrier C1 as Fig.4b, the
modulating signal exists only in two regions R1 or R2 and
it will result in only two levels L1 (-1/6 Vdc) and L2 (0). In
this case the switching losses are only due to two level
inverter.
When the modulating index increases such that VC/2
*

VC, an additional DC bias of VC/2 is given to the
Vm
reference wave such that it is at the middle of the two
lower carriers C1 and C2 and results in 3-level operation
(Fig.4c). A similar progressive DC shift in steps VC/2 of is
gives such that the inverter progressively moves through
the 3-level, 4-level, 5-level and to 6-level operation
(Fig.4d, Fig.4e &Fig.4f).

Fig. 4 (b): The reference wave set for 2-level operation in the
proposed SPWM

When the V/f control is used, these 5 ranges of voltage
amplitudes correspond to 5 ranges in frequency. Therefore
the range (denoted by n = 1, 2, …5) in which the
frequency command falls can be used to determine the DC
shift to be given to the reference waves and the reference
waveforms can be represented by,
*

V = V síԀt + 0.2 V sin3Ԁt+ n V /2,
a

*

m

m

(14)

c

V = V sin(Ԁt - 2/3) + 0.2 V sin3Ԁt+ n V /2,

(15)

V = V sin(Ԁt - 4/3)+ 0.2 V sin3Ԁt+ n V /2.

(16)

b
*

m

c

m

m

m

c

c

When this SPWM scheme is employed, Three level
inverter is clamped to zero level and two level inverter is
switched in two level mode to create the first two levels
(L1, L2), then Three level inverter is clamped to second
level (2/6)Vdc, and two level inverter is switched in 2-level
mode to create the next two levels (L3, L4) and finally
Three level inverter is clamped to its third level (4/6)Vdc,
and two level inverter is switched in 2-level mode to create
the last two levels (L5, L6). This results in the inverters,
which has the higher DC bus voltage switching less
frequently compared to two inverters.

Fig. 4 (c): The reference wave set for 3-level operation in the
proposed SPWM

Fig. 4 (d): The reference wave set for 4-level operation in the
proposed SPWM
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means that the DC-bus voltage of an equivalent
conventional 2-level inverter is Vdc. The speed reference is
translated to the frequency and voltage commands
maintaining V/f. Depending upon the range in which the
frequency command falls the reference waves are
generated according to Eqn. (14), (15) and (16). The three
reference waves are simultaneously compared with the
carrier set and the level at which the instantaneous value of
the reference wave is determined.

Fig. 4 (e): The reference wave set for 5-level operation in the
proposed SPWM

Fig. 4 (f): The reference wave set for 6-level operation in the
proposed SPWM

V. SIMULATION RESULTS AND DISCUSSION
Simulation studies have been carried out for the proposed
inverter scheme in open-loop v/f control with multilevel
carrier based SPWM using SIMULINK software in
MATLAB environment. Figure 5 shows the block diagram
of the proposed inverter scheme. The respective DC-bus
voltages are (2/6)Vdc, (2/6)Vdc and (1/6)Vdc for the
inverter-1, inverter-2 and inverter-3 respectively. This

A DC-bus voltage (Vdc) of 600 volts is assumed for
simulation studies. A load torque of 10 N-m is applied at
0.5sec. Fig.6 shows the motor phase voltage in the lowest
speed range and it may be noted that the inverter is
operating in the 2-level mode. In this case, inverter-3,
being a two level inverter is switched between (1/6)Vdc
and 0 while the three level inverter (constituted by the
cascade connection of inverter-1 and inverter-2 ) is
clamped to zero. Fig.7 shows the motor phase
voltageVA2A3, in the next speed range in 3-level operation
with the three level inverter is now in the 2-level mode,
switching between zero and (2/6)Vdc while two level
inverter (i.e. inverter-3) switches. Fig.8 shows the motor
phase voltage in the next speed range in the 4-level
operation, where three level inverter switching in the 2level mode between zero and (2/6)Vdc and two level
inverter switched between (1/6)Vdc and 0. Fig.9 shows the
motor phase voltage for the 5-level operation, in which the
three level inverter enters into the three level operation
switching between 0, (2/6)Vdc and (4/6)Vdc while the two
level inverter switched. Fig.10 shows the motor phase
voltage in the 6-level operation in which the Three level
inverter switching in the 3-level mode between zero and
(4/6)Vdc and the two level inverter switched in the 2-level
mode.
It can be seen that the motor phase voltage during 6-level
operation is very smooth and close to the sinusoid with
lower THD. Fig.11a to Fig.11e show the phase voltage,
transient phase current, steady state phase current, torque
and speed of the motor during six-level operation. Fig.12a
to Fig.12e show the normalized harmonic spectrum of the
motor phase voltage at different levels of operation. Fig.13
shows the decrease of total harmonic distortion (%THD)
in the motor phase voltage as the number of levels
increased.

Fig. 5: Block diagram of the proposed SPWM-Inverter
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Fig. 6: Motor phase voltage and its fundamental waveform
during 2-level operation

Fig. 10: Motor phase voltage and its fundamental waveform
during 6-level operation

Fig. 7: Motor phase voltage and its fundamental waveform
during 3-level operation

Fig. 11a: Motor phase voltage during 6-level operation
(with more number of cycles)

Fig. 8: Motor phase voltage and its fundamental waveform
during 4-level operation

Fig. 11b: Transient motor phase current during 6-level operation

Fig. 9: Motor phase voltage and its fundamental waveform
during 5-level operation

Fig. 11c: Steady state Motor phase current during 6-level
operation
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Fig. 11d: Motor torque during 6-level operation

Fig. 12 (c): Normalized harmonic spectrum for the motor phase
voltage during 4-level operation

Fig. 11e: Motor speed during 6-level operation

Fig. 12 (d): Normalized harmonic spectrum for the motor phase
voltage during 5-level operation

Fig. 12 (a): Normalized harmonic spectrum for the motor phase
voltage during 2-level operation

Fig. 12 (e): Normalized harmonic spectrum for the motor
phase voltage during 6-level operation

Fig. 12 (b): Normalized harmonic spectrum for the motor phase
voltage during 3-level operation

Fig. 13: Total harmonic distortion (%THD) of the motor
phase voltage as the number of levels increased
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VI. CONCLUSION
An open-end winding induction motor fed by a 3-level
inverter from one end and a 2-level inverter from the other
end of the motor results in voltage space phasor locations
identical to a conventional 6-level inverter. The Three
level inverter used is realized by cascading two 2-level
inverters. When compared with the cascaded H-bridge
topology the present scheme employs a lower number of
power supplies and switching devices. The proposed
inverter does not experience neutral-point fluctuations and
the DC-link capacitors carry only the ripple current as
isolated DC supplies are used for all the DC links. When
compared with the five-level inverter the switching ripple
and THD in the motor phase voltage of proposed inverter
is reduced. Multilevel carrier based SPWM, where a
progressive discrete DC shift is added to reference wave
depending on the speed range, allowing operation in all
levels (2-level to 6-level) is employed for the proposed
work.
The phase current is also near to sinusoidal and contains
low THD. The motor torque reached steady state and
responded for a change of load at 0.5 sec. The
corresponding speed response is also presented and the
speed reached the steady state. The motor exhibits good
dynamic response. The phase voltage of six-level
operation contains lowest harmonics when compared to
that of two-level to five-level operation. As the number of
levels increased the %THD in the motor phase voltage
decreased.
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