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Abstract: Higher level of inversion is achieved with a less number of switches in the proposed scheme. The

scheme proposes a five-level inverter for an open-end winding induction motor which uses only two DC-link

rectifiers of voltage rating of Vdc/4, a neutral-point clamped (NPC) three-level inverter and a two-level inverter.

Even though the two-level inverter is connected to the high-voltage side, it is always in square-wave

operation. Since the two-level inverter is not switching in a pulse width modulated fashion and the

magnitude of switching transient is only half compared to the convention three-level NPC inverter, the

switching losses and electromagnetic interference is not so high. The scheme is experimentally verified on a

2.5 kW induction machine.

1 Introduction

Multilevel inverters are known in the industry for its superior
performance in terms of better harmonic performance, low
voltage stress on the switches and lesser electromagnetic
interference compared to two-level inverters [1–6]. The
disadvantages with the multilevel configurations over the two-
level inverter are the increase in the number of power devices
required and the circuit complexity, which necessitates
complex control schemes that add to the cost and reduces the
reliability of the converter. Reduction in complexity and
modularity are desirable characteristics for the multilevel
inverters and several configurations have been proposed
that try to reduce the complexity. Cascaded H-bridge
configuration is known for its modular structure, which
makes it easy to fabricate and maintain. This makes the
configuration very popular choice for medium and high power
drive applications [2–5]. The disadvantage of this
configuration is the requirement of large number of DC-
links. Multi-cell topologies are also popular because of the
reduced number of DC-sources. However, it needs huge
capacitor banks to operate [6]. Reducing the complexity
of the power circuit is the other concern that has been
looked into extensively [7–19]. Inverter configurations with

asymmetrically divided DC-links provide increased number
of levels for given number of power devices compared to
symmetrically divided DC-link inverter configurations.
However, the voltage blocking of the devices are not uniform
in this case. Further, the DC-links are of different voltage
and hence the fabrication becomes difficult because of the
different transformer ratios required for the different DC-
links [7–10]. A three-level converter topology with only eight
switches is presented in [11]. This configuration uses two legs
of a conventional neutral-point clamped (NPC) inverter
configuration with a current control for obtaining a unity
power factor rectifier system. A converter topology that uses
two legs of a capacitor-clamped three-level inverter is reported
in [12]. In this scheme, three control loops are used in the
control scheme to achieve DC bus voltage regulation, to
balance the neutral-point voltage and to draw balanced
sinusoidal line currents, respectively. A new multilevel
inverter topology using an H-bridge output stage with a
bidirectional auxiliary switch is reported in [13], which gives a
significant reduction in the number of power devices and
capacitors required for the inversion. A five-leg configuration
for two-motor drive system with independent control is
presented in [14]. An analytical approach to minimise the
power device for multilevel inverter is given in [15].
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A reduced switch count five-leg AC–AC converter system is
reported in [16]. In this configuration, the converter provides
both an input rectifier and an output inverter by sharing a leg
in order to reduce the number of power switches.

Open-end winding induction motor (IM) drive
configurations are shown to have advantages over the neutral
connected motor drive schemes such as reduced DC-link
requirement and control flexibility [17–26]. The first open-
end winding configuration is proposed by Stemmler and
Geggenbach [20]. Several schemes have been proposed which
utilises this control flexibility to achieve desirable characteristics
for inverters such as capacitor balancing and harmonic voltage
elimination [17, 18, 21–26]. Two-level inverter scheme with
zero common mode voltage is proposed in [21]. A pulse width
modulation (PWM) strategy for obtaining an improved DC-
bus utilisation for the same power bus structure is proposed in
[22]. A scheme that eliminates the fifth and seventh voltage
harmonics completely in the entire modulation range is
proposed for open-end winding IM drive in [23]. This
scheme utilises the increase in switching redundancy provided
by the open-end winding configuration. A five-level inverter
for an open-end winding IM drive by two cascaded three-level
inverter from both sides is presented in [24]. Using the same
power structure, a PWM strategy is proposed to achieve a
three-level inversion with a complete common mode voltage
elimination [25]. A five-level inverter system that achieves
common mode voltage elimination and capacitor balancing
simultaneously is presented in [26]. Further, attempts have
been made to reduce the power devices while still achieving
the common mode voltage elimination using the switching
multiplicity [17, 18]. A new type of control method for the
open-end winding multilevel inverter which avoids high-
frequency switching in the bulk-power inverter manufactured
of IGCTs is presented in [19]. An advanced modulation
method based on P–Q compensation is also given for the
control of the conditioning inverter, which gives a multilevel
inverter output to the load while successfully maintaining the
conditioning inverter capacitor voltage so that only one DC
source is needed for the cascaded multilevel inverter [19].

There are certain disadvantages with the open-end winding
configurations. Since the windings are supplied individually,
the triplen-order common mode voltage should be taken care
of in order to avoid heavy triplen-order currents. This
necessitates isolated DC-links to avoid the common mode
current. Isolated DC-links deny the path for triplen currents
to flow and thus avoids it in the phase. In the conventional
space vector pulse width modulation (SVPWM) the triplen-
order harmonics are present and hence it can be used only if
DC-links are isolated. In the present work, a new scheme is
introduced that uses only two DC-links to supply the motor
from one side. The inverters on either side share the DC
sources. One two-level inverter and one conventional NPC
three-level inverter is used for implementing the scheme. Sine-
triangle modulation is used for modulation in the proposed
scheme [27]. The triplen-order current is suppressed by using
sine-triangle method and the detailed analysis of this is given.

The two-level inverter is always in square-wave operation
mode and hence the switching losses are less even though
two-level inverter is connected to the full DC-link voltage.
DC-link requirement is reduced to half the voltage compared
to the conventional schemes. Since sine-triangle modulation is
used, the modulation range is limited to 0.5Vdc. The scheme is
experimentally verified on a 2.5 kW open-end winding IM
and the results are presented.

2 New five-level scheme with
reduced power devices for an
open-end winding IM drive

The power circuit of the five-level scheme is given in Fig. 1.
An open-end winding IM is fed by a conventional NPC
three-level inverter (inverter system I) from one side and a
two-level inverter (inverter system II) from the other.
Two isolated DC-links are used for the circuit. The inverters
on either side share the same DC-links. The voltage
requirement of the individual DC-link rectifier is Vdc/4.
When the switches S11, S12 and S2′ are turned on, Vdc/2 is
applied across A-phase winding. When the switches S12, S13
and S2′ are turned on, the A-phase voltage is Vdc/4. When the
switches S11, S12 and S1′ is turned on or alternately S13, S14
and S2′ are turned on, the voltage across phase A is zero.
When the switches S12, S13 and S1′ are turned on, the
A-phase voltage is –Vdc/4. To obtain the voltage level –Vdc/2,
switches S13, S14 and S1′ should be turned on.

The proposed configuration generates a five-level hexagonal
structure of voltage vectors. If two three-level inverters are used
from both sides, that scheme would generate a five-level
structure with 27 × 27 ¼ 729 states for the 61 vector locations
[17, 26]. The proposed configuration, however, generates the
same structure with only (27 × 8) ¼ 216 switching states for
61 locations as shown in Fig. 2. The multiplicity for the five-
level structure is less compared to the symmetrical
configuration in which the motor is fed by two three-level
inverters from both sides [26]. This is because of the fact that
only two states are possible from one-side (two-level inverter)
compared to the scheme given in [26]. But compared to the

Figure 1 Power circuit of the proposed five-level scheme
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conventional neutral-point connected five-level topology in
which there are only 125 states for 61 locations [26], the
multiplicity is still higher in this case. Since the hexagonal
structure shows 608 symmetry, it is enough to consider the 608
sector for analysing the switching states. Table 1 gives the
vector locations and the corresponding switching states for the
608 sector D1–O–D5 for the proposed scheme and those for
the conventional NPC five-level inverter.

Since the scheme uses open-end winding IM, the common
mode current should be taken care of. If two isolated supplies
from each side were used to feed the motor then there will be
no path for common mode current. But this will pose a new
problem as there will be voltage subtraction to achieve some of
the levels and the active front-end converter has to be used to
maintain the DC-link voltage. If the same voltage source is
used to supply the motor, then active front-end is not
necessary. But care should be taken to avoid triplen content in
the PWM. Thus, SVPWM cannot be used with this scheme
as triplen-order harmonics are injected to the system in this
scheme for increased linear modulation range.

3 Modulation scheme

Since there is no isolated neutral point in the motor
configuration, the triplen order should be avoided in the
phase voltage to avoid heavy triplen current. In SVPWM,
triplen-order components are added in order to obtain the
extended modulation range [27]. But if sine-triangle
modulation is used, then all the triplen harmonic order
components are suppressed but in an average sense; that is,
the average common mode voltage in a carrier period is zero.
This can be shown from the equations for the sine-triangle
modulation and discussed in the next section. But the
modulation index (is defined as mi ¼ Vref /(Vdc/2) in case of
sine-triangle modulation) is limited to the linear range of the
sine-triangle modulation (modulation index (mi) ¼ 1) and

the maximum peak voltage that can be achieved in the pole
voltage is Vdc /2. Beyond that there is no zero-vector period
and hence making the average common mode voltage zero is
not possible. The two-level inverter in the scheme is always in
square-wave switching mode. This is achieved by clamping
the two-level inverter to bottom of DC-link during the
positive cycle of the fundamental and to the top DC-link rail
while the modulating wave is in the negative half cycle. This
is a significant advantage since the switching losses in
the two-inverter, which is connected to full DC-link voltage,
is considerably low as there is no PWM switching. For a
five-level sine-triangle modulation scheme, four triangles
are required for comparison. For the simplicity in
implementation, the reference waveforms are modified and
brought into one carrier level and the modified references are
compared to the triangle [28]. The switches and the diode
used in the three-level inverter should be able to withstand
Vdc/4 as the switches used in the two-level inverter needs a
rating of Vdc/2. The scheme can be extended to any general
n-level inverter. If the motor is fed by a two-level inverter
from one side and an m-level inverter from the other side,
then the resultant system is a 2m+ 1-level inverter system.

4 Common mode voltage
suppression in sine-triangle
modulation for an n-level
inverter in an average sense

In this section, the modulation scheme is analysed and it is
shown that the average common mode voltage within a
carrier period is zero. In sine-triangle PWM triplen order is
not injected to the reference waveforms. Since the PWM
output waveforms are equal to the reference voltages in the
average sense, the triplen content is removed in the average
sense. The scheme assumes uniform sampling and hence the
modulating waveforms do not vary within a carrier period.

Figure 2 Five-level space phasor structure formed by the proposed scheme

a Vector locations
b Multiplicity at each locations
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Let Va, Vb and Vc be the three phase modulating waves, Vdc
be the DC-link voltage and TS be the carrier period.

Vas = Vmsinvt

Vbs = Vmsin vt −
2p

3

( )

Vcs = Vmsin vt −
4p

3

( )

(1)

where Vm is the peak voltage of the modulating wave and v is
the frequency of the wave.

For an n-level inverter, the reference waveforms need to be
compared with (n2 1)-level shifted triangular carriers, all in
phase with each other. The switching period of each of the
carrier is TS. The total DC-link is divided into (n2 1) levels
of voltage each of magnitude Vdc /(n2 1). Let Ia, Ib and Ic
denote the carrier level indices of each phases to denote which
carrier level each phase belongs to during the switching interval

under consideration. Ia, Ib and Ic can be any integer values
from 1 to (n2 1) for given ‘n ’. Let the topmost triangle takes
the carrier level index equal to 1 and the bottommost carrier is
given an index (n2 1). Each triangular carrier spans between
voltage levels Vj and Vj2 Vdc/n2 1, where Vj ¼ [n2 j/2]Vdc /

(n2 1)where j ¼ (2IX2 1), x ¼ a, b, c for given carrier index IX.

FromFig. 3, it can be seen that the time taken for the triangle
to cross the reference wave in any kth carrier level is given by

Tas = Vas ×
Ts(n− 1)

Vdc

Tbs = Vbs ×
Ts(n− 1)

Vdc

Tcs = Vcs ×
Ts(n− 1)

Vdc

(2)

In general, all the references may not belong to the same carrier
level. Since every carrier runs between two adjacent voltage
levels Vj and Vj+ Vdc /n2 1, the values Tas, Tbs and Tcs do

Table 1 Comparison of switching states for the conventional five-level NPC scheme and the proposed scheme for 608

Vector

locations

Switching states for the proposed scheme Switching states for conventional

NPC five-level inverter

O (000, 000), (000, 222), (002, 002), (020, 020), (200, 200), (022, 022),

(202, 202), (220, 220), (111, 000), (111, 222), (222, 000), (222, 222)

(000), (111), (222), (-1-1-1), (-2-2-2)

Two-level vector locations

A1 (011, 022), (100, 000), (100, 222), (102, 002), (120, 020), 122, 022),

(211, 000), (211, 222)

(0-1-1), (100), (-1-2-2), (211)

A2 (001, 002), (021, 022), (110, 000), (110, 222), (112, 002), (201, 202),

(221, 000), (221, 222)

(00-1), (110), (-1-1-2), (221)

Three-level vector locations

B1 (000, 022), (111, 022), (222, 022), (200, 000), (200, 222), (202, 002),

(220, 020)

(0-2-2), (1-1-1), (200)

B2 (010, 022), (101, 002), (121, 022), (210, 000), (210, 222), (212, 002) (0-1-2), (10-1), (210)

B3 (000, 002), (020, 022), (111, 002), (222, 002), (200, 202), (220, 000),

(220, 222)

(00-2), (11-1),(220)

Four-level vector locations

C1 (100, 022), (211, 022) (1-2-2), (2-1-1)

C2 (110, 022), (201, 002), (221, 022) (1-1-2), (20-1)

C3 (100, 002), (120, 022), (211, 002) (10-2), (21-1)

C4 (110, 002), (221, 002) (11-2), (22-1)

Five-level vector locations

D1 (200, 022) (2-2-2)

D2 (210, 022) (2-1-2)

D3 (200, 002), (220, 022) (20-2)

D4 (210, 002) (21-2)

D5 (220, 002) (22-2)
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not give the exact required gating time. Hence, an offset should
be added to the final gating time depending on which carrier
level the reference belongs to. The equivalent time
corresponding to a reference voltage of magnitude Vdc/(n2 1)
by one carrier is given by Vdc /(ns2 1) × Ts(n2 1)/Vdc ¼ TS;
that is, the offset time corresponding to one carrier level is TS.

Therefore the total gating time for each phase is given as

Tga = Tas + Ia −
(n− 1)

2

[ ]

× TS

Tgb = Tbs + Ib −
(n− 1)

2

[ ]

× TS

Tgc = Tcs + Ic −
(n− 1)

2

[ ]

× TS

(3)

Average pole voltage during one carrier period is

VAO(avg) =
1

TS

n+ 1

2
− Ia

( )

×
Vdc

n− 1
× Tga

( )[

+ (TS − Tga)×
n− 1

2
− Ia

( )

×
Vdc

n− 1

( )]

VAO(avg) =
Vdc

Ts(n− 1)

n+ 1

2
− Ia

( )

× Tga + (TS − Tga)

[

×
n− 1

2
− Ia

( )]

=
Vdc

Ts(n− 1)

Tga

2
+ TS ×

n− 1

2
− Ia

( )( )

+
Tga

2

[ ]

=
Vdc

Ts(n− 1)
Tga + TS ×

n− 1

2
− Ia

( )[ ]

(4)

Similarly

VBO(avg) =
Vdc

Ts(n− 1)
Tgb + TS ×

n− 1

2
− Ib

( )[ ]

(5)

and

VCO(avg) =
Vdc

Ts(n− 1)
Tgc + TS ×

n− 1

2
− Ic

( )[ ]

(6)

Average common mode voltage during one carrier period is
given by

VCM(avg) =
(VAO(avg) + VBO(avg) + VCO(avg))

3
(7)

VCM(avg) =
1

3
×

Vdc

Ts(n− 1)
Tga + TS ×

n− 1

2
− Ia

( )[

+Tgb + TS ×
n− 1

2
− Ib

( )

+ Tgc + TS

×
n− 1

2
− Ic

( )]

=
1

3
×

Vdc

Ts(n− 1)
Tga + Tgb + Tgc + TS

[

×
n− 1

2
− Ia

( )

+TS ×
n− 1

2
− Ib

( )

+TS ×
n− 1

2
− Ic

( )]

Substituting the equations for Tga, Tgb and Tgc in the
previous equation

VCM(avg) =
1

3
×

Vdc

Ts(n− 1)
Tas + Ia −

n− 1

2

( )

× TS

[

+Tbs + Ib −
n− 1

2

( )

× TS + Tcs

+ Ic −
n− 1

2

( )

× TS + TS ×
n− 1

2
− Ia

( )

+TS ×
n− 1

2
− Ib

( )

+ TS ×
n− 1

2
− Ic

( )]

VCM(avg) =
1

3
×

Vdc

Ts(n− 1)
Tas + Tbs + Tcs + (Ia + Ib + Ic)

[

× TS −
3(n− 1)

2
× TS + TS ×

3(n− 1)

2

− (Ia + Ib + Ic)× TS

]

=
1

3
×

Vdc

Ts(n− 1)
[Tas + Tbs + Tcs]

For a balanced system

(Vas + Vbs + Vcs) = 0

Thus from (2), we obtain

Tas + Tbs + Tcs = (Vas + Vbs + Vcs)×
(n− 1)Ts

Vdc

= 0

Figure 3 Referenceand the kth carrier towhich the reference is

compared during the switching period under consideration
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Figure 5 Steady-state results for modulation index 0.4

a Experimental results for MI ¼ 0.4. Trace one-pole voltage of inverter II (X-axis 10 ms/div, Y-axis 50 V/div), trace two-pole voltage of
inverter I (X-axis 10 ms/div, Y-axis 50 V/div), trace three-phase voltage (X-axis 10 ms/div, Y-axis 100 V/div), trace four-phase current (X-
axis 10 ms/div, Y-axis 1 A/div)
b Experimental results for MI ¼ 0.4. Three-phase voltages and common mode voltage (trace 4) (X-axis 10 ms/div, Y-axis 50 V/div)
c Experimental results for MI ¼ 0.4. FFT of the pole voltage of inverter I (X-axis – frequency (Hz), Y-axis – relative magnitude of harmonic
components normalised to the corresponding phase voltage fundamental component)
d Experimental results for MI ¼ 0.4. FFT of the pole voltage of inverter II (X-axis – frequency (Hz), Y-axis – relative magnitude of harmonic
components normalised to the corresponding phase voltage fundamental component)
e Experimental results for MI ¼ 0.4. FFT of the phase voltage (X-axis – frequency (Hz), Y-axis – relative magnitude of harmonic
components normalised to the fundamental component)

Figure 4 V/f control scheme for the proposed five-level scheme
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Therefore

VCM(avg) =
1

3
×

Vdc

Ts(n− 1)
[Tas + Tbs + Tcs] = 0

Therefore in a carrier period, the average value of the
common mode voltage is zero. This would imply that the
common mode voltage is shifted to the switching frequency

range, resulting in highly suppressed triplen components in
the waveforms.

5 Experimental results

The scheme shown in Fig. 4 is experimentally verified on a
2.5 kW open-end winding IM drive with 1.25 kHz
switching frequency and a DC-link voltage of 120 V. The
V/f control is implemented on TMS320F2812 DSP

Figure 6 Steady-state results for modulation index 0.6

a Experimental results for MI ¼ 0.6. Trace one-pole voltage of inverter II (X-axis 10 ms/div, Y-axis 50 V/div), trace two-pole voltage of
inverter I (X-axis 10 ms/div, Y-axis 50 V/div), trace three-phase voltage (X-axis 10 ms/div, Y-axis 100 V/div), trace four-phase current (X-
axis 10 ms/div, Y-axis 1 A/div)
b Experimental results for MI ¼ 0.6. Three-phase voltages and common mode voltage (trace 4) (X-axis 10 ms/div, Y-axis 50 V/div)
c Experimental results for MI ¼ 0.6. FFT of the pole voltage of inverter I (X-axis – frequency (Hz), Y-axis – relative magnitude of harmonic
components normalised to the corresponding phase voltage fundamental component)
d Experimental results for MI ¼ 0.6. FFT of the pole voltage of inverter II (X-axis – frequency (Hz), Y-axis – relative magnitude of harmonic
components normalised to the corresponding phase voltage fundamental component)
e Experimental results for MI ¼ 0.6. FFT of the phase voltage (X-axis – frequency (Hz), Y-axis – relative magnitude of harmonic
components normalised to the fundamental component)
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processor. The machine is run under V/f control on no-load
and the results are taken. The steady-state results are
presented in Figs. 5–8. The pole voltage of the two-level
inverter is always a square-wave 1808 out of phase with the
phase voltage waveform irrespective of the modulation
index. Fig. 5a shows the pole voltages of inverter system I,
inverter system II, phase voltage and phase current while

the system is operated at a modulation index 0.4. Since
inverter II (two-level inverter) is always in square-wave
operation, the other inverter should produce a waveform
which will cancel the harmonic content in the square wave.
Fig. 5b shows the phase voltages and the generated
common mode voltage at a modulation index 0.4. Figs. 5c
and d shows the fast Fourier transforms (FFTs) of the pole

Figure 7 Steady-state results for modulation index 1

a Experimental results for MI ¼ 1. Trace one-pole voltage of inverter II (X-axis 10 ms/div, Y-axis 50 V/div), trace two-pole voltage of inverter
I (X-axis 10 ms/div, Y-axis 50 V/div), trace three-phase voltage (X-axis 10 ms/div, Y-axis 50 V/div), trace four-phase current (X-axis 10 ms/div, Y-
axis 1 A/div)
b Experimental results for MI ¼ 1. Three-phase voltages and common mode voltage (trace 4) (X-axis 5 ms/div, Y-axis 50 V/div)
c Experimental results for MI ¼ 1. FFT of the pole voltage of inverter I (X-axis – frequency (Hz), Y-axis – relative magnitude of harmonic
components normalised to the corresponding phase voltage fundamental component)
d Experimental results for MI ¼ 1. FFT of the pole voltage of inverter II (X-axis – frequency (Hz), Y-axis – relative magnitude of harmonic
components normalised to the corresponding phase voltage fundamental component)
e Experimental results for MI ¼ 1. FFT of the phase voltage (X-axis – frequency (Hz), Y-axis – relative magnitude of harmonic components
normalised to the fundamental component)

644 IET Power Electron., 2010, Vol. 3, Iss. 4, pp. 637–647

& The Institution of Engineering and Technology 2010 doi: 10.1049/iet-pel.2009.0058

www.ietdl.org



voltages for both inverter system I and inverter system II,
respectively. The FFTs of the individual pole voltages are
given as normalised quantities with respect to the respective
fundamental components in the waveform. Similarly, phase
voltage waveform is normalised with respect to the
fundamental component of the same. The FFT of the pole
voltage of the inverter system I contains both lower order
harmonics and the harmonic content corresponding to the
switching frequency. The pole voltage of inverter system II,
being a square wave, contains all the lower order

harmonics, but no switching harmonics. The lower order
harmonics cancel each other in phase voltage and what is
remaining will be harmonic content corresponding to
fundamental and switching harmonics, as can be seen from
Fig. 5e. The experiment is done for modulation index 0.6
and the results are given in Fig. 6. The lower order triplen
harmonic components are absent, whereas the component
near to switching frequency order has slightly increased.
The experimental results for modulation index 1 are given
in Fig. 7. Since the order of the switching frequency
compared to fundamental is not very high, the suppression
of the higher order triplen harmonics are not really
effective. Even then the lower order triplen components are
suppressed. The common mode current is compared with
the no-load phase current, for the maximum modulation
index which is the worst case, in Fig. 8. Even in this case,
the common mode current is significantly small compared
to the no-load phase current.

Fig. 9 shows the effectiveness of the scheme during
transient operations. Fig. 9a shows the phase voltage and
phase current while the machine is accelerated from
modulation index 0.4 to 0.8. The voltage and current
smoothly changes without any jerks. The phase voltage and
phase current during phase reversal is shown in Fig. 9b.
This shows that the scheme is effective during the
transients also.

6 Conclusions

A five-level inverter scheme with reduced power bus circuit is
proposed in this paper. The scheme needs a conventional
three-level NPC inverter on one side and a two-level
inverter on the other to achieve a five-level inversion.
The DC-link requirement is only Vdc/2 in the scheme.
The common mode voltage is suppressed in an average
sense by using sine-triangle modulation and hence isolated
power supplies are not needed. Thus, only two isolated
DC-links with a rating Vdc/4 is needed to achieve five-level
inversion. Inverter II (the two-level inverter) is always in
square-wave operation irrespective of the modulation index
and hence the switching loss in the system is less. The
modulation range is limited to 0.5Vdc because sine-triangle
modulation is used. The scheme is simulated and
experimentally verified on a 2.5 kW open-end winding
induction machine.
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