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Abstract: A pulse width modulation (PWM) scheme for multilevel inverters is proposed. The
proposed PWM scheme generates the inverter leg switching times, from the sampled reference
phase voltage amplitudes and centres the switching times for the middle vectors, in a sampling
interval, as in the case of conventional space vector PWM (SVPWM). The SVPWM scheme,
presented for multilevel inverters, can also work in the overmodulation range, using only the
sampled amplitudes of reference phase voltages. The present PWM technique does not involve any
sector identiﬁcation and considerably reduces the computation time when compared to the
conventional space vector PWM technique. The present PWM signal generation scheme can be
used for any multilevel inverter conﬁguration. A ﬁve-level inverter conﬁguration, using an openended winding induction motor drive, is used to verify the SVPWM generation scheme
experimentally.
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Introduction

The two most widely used PWM schemes for multilevel
inverters are the carrier-based sine-triangle PWM (SPWM)
technique and the space vector PWM (SVPWM) technique.
These modulation techniques have been extensively studied
and compared for the performance parameters with twolevel inverters [1, 2]. The SPWM schemes are more ﬂexible
and simpler to implement, but the maximum peak of the
fundamental component in the output voltage is limited to
50% of the DC link voltage [2], and the extension of the
SPWM schemes into the over-modulation range is difﬁcult.
In SVPWM schemes, a reference space vector is sampled at
regular intervals to determine the inverter switching vectors
and their time durations, in a sampling interval. The
SVPWM scheme gives a more fundamental voltage and
better harmonic performance compared to the SPWM
schemes [3–5]. The maximum peak of the fundamental
component in the output voltage obtained with space vector
modulation is 15% greater than with the sine-triangle
modulation scheme [2, 3]. But the conventional SVPWM
scheme requires sector identiﬁcation and look-up tables to
determine the timings for various switching vectors of the
inverter, in all the sectors [3, 4]. This makes the
implementation of the SVPWM scheme quite complicated.
A SVPWM scheme, extending the modulation range into
the overmodulation range, has been presented [6, 7], in
which extensive ofﬂine computations and look-up tables are
required, to determine the modiﬁed reference vector, in the
overmodulation range, extending up to six-step operation.
It has been shown that, for two-level inverters, a SVPWM-

like performance can be obtained with a SPWM scheme by
adding a common mode voltage of suitable magnitude, to
the sinusoidal reference phase voltage [4, 5]. A simpliﬁed
method, to determine the correct offset times for centreing
the time durations of the middle inverter vectors, in a
sampling interval, is presented [8], for the two-level inverter.
The inverter leg switching times are calculated directly from
the sampled amplitudes of the reference three-phase
voltages with considerable reduction in the computation
time [8].
The SPWM technique, when applied to multilevel
inverters, uses a number of level-shifted carrier waves to
compare with the reference phase voltage signals [9]. The
SVPWM for multilevel inverters [10, 11] involves mapping
of the outer sectors to an inner subhexagon sector, to
determine the switching time duration, for various inverter
vectors. Then the switching inverter vectors corresponding
to the actual sector are switched, for the time durations
calculated from the mapped inner sectors. It is obvious that
such a scheme, in multilevel inverters, will be very complex,
as a large number of sectors and inverter vectors are
involved. This will also considerably increase the computation time.
A modulation scheme is presented in [12], where a ﬁxed
common mode voltage, is added to the reference phase
voltage throughout the modulation range. It has been
shown [13] that this common mode addition will not result
in a SVPWM-like performance, as it will not centre the
middle inverter vectors in a sampling interval. The common
mode voltage to be added in the reference phase voltages, to
achieve SVPWM-like performance, is a function of the
modulation index for multilevel inverters [13]. A SVPWM
scheme based on the above principle has been presented
[14], where the switching time for the inverter legs is directly
determined from sampled phase voltage amplitudes. This
technique reduces the computation time considerably more
than the conventional SVPWM techniques do, but it
involves region identiﬁcations based on modulation indices.
While this SVPWM scheme works well for a three-level
PWM generation, it cannot be extended to multilevel

inverters of levels higher than three, as the region
identiﬁcation becomes more complicated. A carrier-based
PWM scheme has been presented [15], where sinusoidal
references are added with a proper offset voltage before
being compared with carriers, to achieve the performance of
a SVPWM. The offset voltage computation is based on a
modulus function depending on the DC link voltage,
number of levels and the phase voltage amplitudes. The
implementation details and the operation of the proposed
method in the overmodulation region remain unaddressed.
The objective of this paper is to present an implementation scheme for PWM signal generation for multilevel
inverters, similar to the SVPWM scheme, for the entire
range of modulation indices including overmodulation. The
PWM switching times for the inverter legs are directly
derived from the sampled amplitudes of the reference phase
voltages. The SVPWM switching pattern generation is not
realised with offset voltage computation from a modulus
function [15]. A simple way of adding a time offset to the
inverter-gating signal, to generate the SVPWM pattern,
from only the sampled amplitudes of reference phase
voltages, is explained. The proposed SVPWM signal
generation does not involve checks for region identiﬁcation,
as in the SVPWM scheme presented in [14]. Also, the
algorithm does not require either sector identiﬁcation or
look-up tables for switching vector determination as are
required in the conventional multilevel SVPWM schemes
[10, 11]. Thus the scheme is computationally efﬁcient when
compared to conventional multilevel SVPWM schemes,
making it superior for real-time implementation. The
proposed SVPWM algorithm can easily be extended to
any multilevel inverter conﬁgurations. For experimental
veriﬁcation of the proposed SVPWM scheme, we are using
a ﬁve-level inverter conﬁguration with an open-ended
winding induction motor [12].

a number of symmetrical level-shifted carrier waves for
PWM generation [9]. It has been shown that for an n-level
inverter, n1 level-shifted carrier waves are required for
comparison with the sinusoidal references [9]. Because of
the level-shifted multicarriers (Fig. 1), the ﬁrst crossing
(termed the first-cross) of the reference phase voltage cannot
always be the min-phase. Similarly, the last crossing (termed
the third-cross) of the reference phase voltage cannot always
be the max-phase. Thus the offset voltage computation,
based on (1) is not sufﬁcient to centre the middle inverter
switching vectors, in a multilevel PWM scheme during a
sampling period Ts (Fig. 2). In this paper, a simple
technique to determine the offset voltage (to be added to
the reference phase voltage for PWM generation for the
entire modulation range) is presented, based only on the
sampled amplitudes of the reference phase voltages. The
idea behind the proposed scheme is to determine the
sampled reference phase, from the three sampled reference
phases, which crosses the triangular ﬁrst (first-cross) and the
reference phase which crosses the triangular carrier last
(third-cross). Once the ﬁrst-cross phase and third-cross
phase are identiﬁed, the principles of offset calculation of
(1), for the two-level inverter, can easily be adapted for the
multilevel SVPWM generation scheme. The proposed
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In the SPWM scheme for two-level inverters, each reference
phase voltage is compared with the triangular carrier and
the individual pole voltages are generated, independent of
each other [1]. To obtain the maximum possible peak
amplitude of the fundamental phase voltage, in linear
modulation, a common mode voltage, Voffset1 , is added to
the reference phase voltages [5, 12], where the magnitude of
Voffset1 is given by
Voffset1 ¼ ðVmax þ Vmin Þ=2

ð1Þ

In (1), Vmax is the maximum magnitude of the three sampled
reference phase voltages, while Vmin is the minimum
magnitude of the three sampled reference phase voltages,
in a sampling interval. The addition of the common mode
voltage, Voffset1 , results in the active inverter switching
vectors being centred in a sampling interval, making the
SPWM technique equivalent to the SVPWM technique [3].
Equation (1) is based on the fact that, in a sampling
interval, the reference phase which has lowest magnitude
(termed the min-phase) crosses the triangular carrier ﬁrst,
and causes the ﬁrst transition in the inverter switching state.
While the reference phase, which has the maximum
magnitude (termed the max-phase), crosses the carrier last
and causes the last switching transition in the inverter
switching states in a two-level SVPWM scheme [5, 13]. Thus
the switching periods of the active vectors can be
determined from the (max-phase and min-phase) sampled
reference phase voltage amplitudes in a two-level inverter
scheme [8]. The SPWM technique, for multilevel inverters,
involves comparing the reference phase voltage signals with
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Fig. 1 Modified reference voltages and triangular carriers for a
five-level PWM scheme
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SVPWM technique presents a simple way to determine
the time instants at which the three reference phases cross
the triangular carriers. These time instants are sorted to ﬁnd
the offset voltage to be added to the reference phase
voltages for SVPWM generation for multilevel inverters for
the entire linear modulation range, so that the middle
inverter switching vectors are centred (during a sampling
interval), as in the case of the conventional two-level SPWM
scheme.

2.1 Determination of the offset voltage to
generate the inverter leg switching times for
a five-level inverter
Figure 1 shows the reference voltage and four triangular
carriers used for PWM generation for a ﬁve-level inverter.
The modiﬁed reference phase voltages are given by
ð2Þ
VXN ¼ VXN þ Voffset1 ; X ¼ A; B; C
where VAN , VBN and VCN are the sampled amplitudes of
three reference phase voltages during the current sampling
interval and Voffset1 is calculated from (1).
The reference phase voltages are equally spaced between
the four carriers as shown in Fig. 1, for a ﬁve-level inverter.
For modulation indices less than 0.433 (half of the
maximum modulation index in the linear range of
modulation for a ﬁve-level inverter), the reference phase
voltage spans inner two carriers. For modulation indices
higher than 0.433, the reference phase voltages expand into
the outer carrier regions (the modulation index, M, is
deﬁned as the ratio of magnitude of the equivalent reference
voltage space vector, generated by the three reference phase
voltages, to the DC link voltage). The addition of Voffset1 ,
obtained from (1), to the reference phase voltage ensures
that the modiﬁed reference voltages always remain within
the carrier regions throught the linear modulation range
(maximum modulation index in the linear modulation
range is 0.866) [3].
The reference phase voltages cross the triangular carriers
at different instants in a sampling period Ts (Fig. 1). Each
time a reference phase voltage crosses the triangular carrier
it causes a change in the inverter state. The phase voltage
variations and their time durations are shown in Fig. 2. The
sampling time interval Ts , can be divided into four time
intervals T01 , T1 , T2 and T03 . T01 and T03 are deﬁned as the
time durations for the start and end inverter switching
vectors respectively, in a sampling time interval Ts . T1 and
T2 are deﬁned as the time durations for the middle inverter
switching vectors, in a sampling time interval Ts . It should
be noted from Fig. 2 that the middle switching vectors are
not centred in a sampling interval Ts . So an additional offset
(offset2) needs to be added to the reference phase voltages
of Fig. 1, so that the middle inverter switching vectors can
be centred in a sampling interval, similar to a two-level
SVPWM [3].
The time duration, at which the A-phase crosses the
triangular carrier, is deﬁned as Ta cross (Fig. 3). Similarly, the
time durations, when the B-phase and C-phase cross the
triangular carrier, are deﬁned as Tb cross and Tc cross ,
respectively. Figure 3 shows a sampling interval when the
A-phase is in the carrier region C1 while the B-phase and Cphase are in carrier region C2. As shown in Fig. 3, the time
duration, Ta cross , (measured from the start of the sampling
interval) at which the A-phase crosses the triangular carrier
is directly proportional to the phase voltage amplitudes,

. The time duration, Tb cross , at which the B-phase
VAN

crosses the triangular carrier, is proportional to ðVBN
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where Tas , Tbs and Tcs are the time equivalents of the phase
voltage magnitudes. The proportionality between the time
equivalents and corresponding voltage magnitudes is
deﬁned as follows [8]:

=Tas
ðVdc =4Þ=Ts ¼ VAN

ðVdc =4Þ=Ts ¼ VBN
=Tbs

ðVdc =4Þ=Ts ¼ VCN
=Tcs

ð4Þ

ðVdc =4Þ=Ts ¼ Voffset1 =Toffset1
Figure 4 shows the situation, where the reference phase
voltages span the entire carrier region, for a ﬁve-level
inverter scheme. The time durations, at which the reference
phase voltages cross the carrier can be similarly determined.
As shown in Fig. 4, Ta cross is proportional to

 Vdc =4Þ. Whereas Tb cross is proportional to
ðVAN


ðVBN
þ Vdc =2Þand Tc cross is proportional to ðVCN
þ Vdc =4Þ.
Therefore, from (4)


Ts
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¼ Tas  Ts
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Tb cross ¼ ðVBN
þ Vdc =2Þ 
¼ Tbs þ ð2  Ts Þ ð5Þ
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Ts
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Tc cross ¼ ðVCN
¼ Tcs þ Ts
Vdc =4
Thus the time durations, at which the phase voltages cross
the triangular carrier regions, for a ﬁve-level inverter, can be
summarised as shown in Table 1. In the present work,
the Ta cross , Tb cross and Tc cross time durations obtained
above are used to centre the middle switching vectors, as in
the case of two-level inverters, in a sampling interval Ts [8].
The time duration, at which the reference phases cross the
triangular carriers for the ﬁrst time, is deﬁned as Tfirst cross .
Similarly, the time durations, at which the reference phases
cross the triangular carriers for the second and third time,
are deﬁned as, Tsec ond cross and Tthird cross , respectively, in a

Vdc /2

phase-A
V ∗AN −Vdc / 4

Vdc /4

Ta_cross

C1

V ∗AN
V∗

CN

0

V ∗CN +Vdc / 4

Tc_cross
−Vdc /4

phase-C

0°

180°

360°
a

540°

wt

720°

0°

180°

360°

540°

wt

720°

C2

V ∗BN
phase-B

V ∗BN +Vdc / 2
Ts

Ts

Fig. 4 Determination of the Ta cross , Tb cross and Tc cross during
switching interval TS (reference voltages span the entire carrier
region, 0.433oMo0.866)

and Tc

cross

in four

Trace of Ta

cross

Ts

Tx

C3


 Ts
Txs

C1


Txs

C2


Txs
þ Ts

C4


Txs
þ ð2 Ts Þ

Tsecond_cross

T01

cross; x

sampling interval Ts .

Tfirst_cross

cross

¼ maxðTx

cross Þ;

cross

¼ midðTx

cross Þ;

x ¼ a; b; c

0

The time durations, Tfirst cross , Tsecond cross and Tthird cross ,
directly decide the switching times for the different inverter
voltage vectors, forming a triangular sector, during one
sampling interval Ts . The time durations for the start and
end vectors, are T01 ¼ Tfirst cross , T03 ¼ Ts  Tthird cross ,
respectively (Fig. 2). The middle vectors are centred by
adding a time offset, Toffset2 to Tfirst cross , Tsecond cross and
Tthird cross . The time offset, Toffset2 is determined as follows.
The time duration for the middle inverter switching vectors,
Tmiddle , is given by:
Tmiddle ¼ Tthird
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 Tfirst
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ð7aÞ

The time duration of the start and end vector is
T0 ¼ Ts  Tmiddle

ð7bÞ
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The addition of the time, Toffset2 to Ta cross , Tb cross and
Tc cross gives the inverter leg switching times Tga , Tgb and Tgc
for phases A, B and C, respectively.
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Table 1: The time durations Ta cross , Tb
carrier regions for five-level inverter
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The traces of different timing signals, for the proposed
PWM scheme, are shown in Figs. 5–7, for a ﬁve-level PWM
generation. The traces of Ta cross for various modulation
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a non-centred time duration for middle vectors
b centred time duration for middle vectors, after addition of required
offset, T_offset2

indices are shown in Fig. 5. The traces of Tfirst cross ,
Tsecond cross and Tthird cross are shown in Fig. 3a while the
traces of Tg first cross , Tg second cross and Tg third cross are shown in
Fig. 6b. It can be seen from Fig. 6b, that the time durations
for the start vector (Tg first cross ) and for the end vector
(Ts  Tg third cross ) are equal. Thus the middle vectors are
always centred, in a sampling time interval Ts . The plots of
the time equivalent of the modiﬁed reference phase voltage,
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Toffset1 þ Toffset2 , for various modulation indices, are shown
in Fig. 7a. The corresponding traces of the total offset,
Tas þ Toffset2 , added to the sinusoidal reference phase
voltage to make the SPWM equivalent to the SVPWM,
are shown in Fig. 7b.

2.2 Generalisation of the proposed SVPWM
scheme for an n level PWM
The SVPWM, proposed for a ﬁve-level inverter, in the last
Section, can be easily extended to any n-level PWM
generation. In the SPWM scheme for an n level inverter,
the reference signals are compared with n1 level shifted
carriers [9]. The triangular carriers and the reference signals,
for an n-level PWM scheme are shown in Fig. 8a, for n is
odd, and in Fig. 8b, for n is even. The (n1) triangular
carriers are compared with reference phase voltages as
shown in Figs. 8a and 8b. A carrier index, I, is deﬁned to
designate the carrier regions in which the reference phase
voltages lie during the sampling interval under consideration. The indexing of I is as shown in Fig. 8a when n is odd.
The carrier index I for the top carrier is 1, and it increases in
steps of 1 towards the bottom carriers. The carrier index I
for the lowest carrier is equal to (n–1).
During a sampling interval, the carrier indices, Ia, Ib and
Ic (which can be from 1 to n1), for A, B and C phases,
respectively, are determined depending on the carrier region
in which the respective phase voltage lies. The determination
of the time durations, Ta cross , Tb cross and Tc cross (as shown

in Table 1), when n is odd, can be generalised as
Ta
Tb
Tc

cross
cross
cross

¼ Tas þ ððIa  ðn  1Þ=2Þ  Ts Þ
¼ Tbs þ ððIb  ðn  1Þ=2Þ  Ts Þ
¼ Tcs þ ððIc  ðn  1Þ=2Þ  Ts Þ

ð9Þ

When n is even, the triangular carriers and the reference
phase voltages, are as shown in Fig. 8b. In this case, the
reference phase voltages are centred on the middle
triangular carrier. The determination of Ta cross , Tb cross
and Tc cross can be generalised as,
Ta
Tb
Tc

cross
cross
cross

¼ ðTs =2Þ þ Tas þ ððIa  ðn=2ÞÞ  Ts Þ
¼ ðTs =2Þ þ Tbs þ ððIb  ðn=2ÞÞ  Ts Þ
¼ ðTs =2Þ þ Tcs þ ððIc  ðn=2ÞÞ  Ts Þ

ð10Þ

Then the inverter leg switching times for (n-level inverter)
each phase can be determined in the similar way, as given
by (6)–(8) for the ﬁve-level inverter, in Section 2.1.
3 Proposed SVPWM signal generation in overmodulation
The extension of the SVPWM schemes, into the overmodulation range, for a two-level inverter requires extensive
ofﬂine computations to achieve the output voltage as a
linear function of the modulation index [7, 8]. The emphasis
of SVPWM schemes, presented in [7, 8], is to obtain the
transition, from the linear modulation range to the six-step
mode, in a linear way. The computation time increases,
because of the co-ordinate transformations and look-up

tables involved in practical implementations, making realtime implementation of these schemes quite complicated [7,
8]. An overmodulation scheme for two-level inverters,
proposed in [16], for current controlled voltage source
inverters, is simpler in implementation compared to overmodulation schemes [7, 8]. In this paper, an overmodulation
scheme is proposed for multilevel inverters, based on the
principles outlined in [16], which retains the simplicity of
implementation as in the case of linear modulation,
presented in the previous Sections. The proposed overmodulation scheme is very simple to implement and can be
used for current controlled multilevel inverter-fed drive
schemes.
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four sampling instants A–D on the trajectory of the
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boundary, for a ﬁve-level inverter. Based on the magnitudes
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3.2 Determination of inverter leg switching
times in overmodulation from the sampled
amplitudes of reference phase voltages
The proposed overmodulation scheme, based on the
sampled amplitudes of the reference phase voltages, is
similar to the linear SVPWM scheme presented in previous
Sections. When the inverter operates in overmodulation
Tmiddle is greater than Ts . This condition is used to detect the
overmodulation condition. Figure 10 shows the proﬁles of
Tfirst cross , Tsecond cross and Tthird cross , for the overmodulation
condition, for a ﬁve-level inverter. The region A-A’, of
Fig. 10, is expanded and shown in Fig. 11. The time
duration for the inverter switching vector, Vx is
(Tsecond cross  Tfirst cross ) and for the inverter switching
vector, Vy is (Tthird cross  Tsecond cross ) as shown in Fig. 11.
Tg first cross , Tg second cross and Tg third cross are the inverter leg
switching times (obtained by adding the offset voltage to
Tfirst cross , Tsecond cross and Tthird cross ) for the phases, which
cross the carriers for the ﬁrst, second and third time,
respectively. As only the middle vectors are switched during
the sampling interval Ts , it is clear that Tg first cross ¼ 0 and
Tg third cross ¼ Ts , in the over-modulation range. A simple
algorithm is described below to determine Tg second cross from
Tsecond cross by adding an offset Toffset2 such that the inverter
voltage vector to be applied for longer duration (in any of
the four regions, X1, X2, X3 and X4), is switched for the
same time duration while the other vector is switched for
rest of the duration in the sampling time interval Ts .
In region X2 (Figs. 9b and 11) Tthird cross  Tsecond cross is
greater than Tsecond cross  Tfirst cross and less than TS, the
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Table 2: Actual switching time duration for overmodulation
for various regions
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If Tthird cross  Tsecond cross is greater than Ts (corresponding to region X1 in Figs. 9b and 11), the inverter-switching
vector, Vx, is switched for the entire sampling interval Ts .
Therefore in region, X1, Tg_second_cross ¼ 0.
In region X3, Tsecond cross  Tfirst cross is greater than
Tthird cross Tsecond cross but less than Ts , and the inverter
switching vector Vy is retained for duration

Tsecond cross  Tfirst cross , and inverter switching vector Vx is
applied for the rest of the duration. From Fig. 13,
Tg second cross ¼ Tsecond cross þ Toffset2 .
If Tsecond cross  Tfirst cross is greater than Ts itself (corresponding to region X4 in Fig. 9b), the inverter-switching
vector Vy is switched for the entire Ts duration. Therefore
Tg second cross ¼ Ts .
The implementation is greatly simpliﬁed and subsequent
switching times outside other sectors, for inverter legs, can
be directly obtained as described above. Tgfirst cross ,
Tg second cross and Tg third cross time durations can be associated appropriately with the A,B,C legs of the inverter (Tga ,
Tgb and Tgc ) if monitoring establishes which phase has
crossed the carriers for the ﬁrst, second and for third time
during the particular sampling period. The traces of Tas þ
Toffset2 for various modulation indices in the overmodulation region are shown in Fig. 14. The proposed algorithm is
presented in the Appendix (Section 7.1).
4 Experimental verification of the proposed
SVPWM technique
The proposed SVPWM scheme is implemented using a
TMS320F240 DSP controller for a 1.5 kW three-phase
induction motor drive with V/f control for different
modulation indices covering the entire speed range. A
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Five-level inverter configuration formed by cascading two three-level inverters

ﬁve-level inverter conﬁguration with open-end winding
induction motor drive is used for experimental veriﬁcation
of the proposed algorithm throughout the range of
modulation (Fig. 15). The induction motor parameters are
given in the Appendix (Section 7.2).

4.1

−
+

+

Fig. 15

+

Five-level inverter configuration

The ﬁve-level inverter conﬁguration is achieved by cascading two three-level inverters from both ends for an openended winding induction motor as shown in Fig. 15. Such a
conﬁguration will result in output phase voltages across the
induction motor phase windings, equivalent to a ﬁve-level
conventional neutral point clamped inverter [12]. The openended winding conﬁguration of the three-phase induction
motor makes it possible to feed the voltages from both ends
of the motor winding. The three-level inverters, inverter-A
and inverter-B, are realised by cascading two two-level
inverters [17]. The phase voltage across the phase winding of
induction motor VA2A4 can be either +Vdc/2, +Vdc/4, 0,
Vdc/4, Vdc/2 depending upon the switching states of the
three-level inverters (inverter-A and inverter-B) [12]. The
combinations of inverter-A and inverter-B pole voltages
and the resulting phase voltage across the winding of the
induction motor are shown in Table 3. Similarly, the levels
for other phase windings, B2B4 and C2C4, can also be
determined [12]. A ﬁve-level space vector diagram, as shown
in Fig. 16, represents the resultant space vector combinations and their locations. The resultant hexagon can be seen

Table 3: Pole voltages of inverter-A and inverter-B and
resulting phase voltage across phase winding of motor
Pole voltage
of phase-A of
inverter-A,
VA20

Pole voltage
of phase-A of
inverter-B,
VA40

Phase
voltage
across the winding of induction
motor, VA2A4

Phase voltage Level

Vdc =2

0

þVdc =2

4

Vdc =4

0

þVdc =4

3

0

0

0

2

0

Vdc =4

Vdc =4

1

0

Vdc =2

Vdc =2

0

as formed of four layers: layer 1, innermost layer; layer 2,
next outer layer; layer 3, layer outside layer 2; and layer 4,
outermost layer. The corresponding levels of voltage across
the phase winding are as shown in Table 3.

4.2 Deriving the gate signals for inverter
phases
The inverter leg switching times, (Tga , Tgb and Tgc ) are used
to generate the PWM signals for A,B,C phases, respectively.
The PWM signals for three phases are generated using fully
compared units of DSP. During the sampling time interval,
Ts , the ﬁve-level inverter legs switch between two adjacent
voltage levels. The phase voltage levels in which the inverter
leg switches depend on the carrier in which the modiﬁed
reference phase voltages, VAN ; VBN and VCN lie. The level
information is obtained from the carrier index, I. The
carrier index, Ia, Ib and Ic for three phases is taken from the
DSP I/O ports. For example, depending on the values of
carrier index, I for phase-A the output pins A3 and A2 are
made high or low as per Table 4.
The decoding of these signal along with PWM_A, signals
is done using PALCE22V10. The gate signals for different
switches are generated using PALCE22V10 as shown in
Table 5 for phase-A. The gate signals for different switches
of B and C phases are similarly generated using PWM and
carrier index, I for the respective phases.

4.3

Experimental results

The modulation index is varied from the low modulation
index to the overmodulation region covering all layers of
the ﬁve-level inverter conﬁguration. The DC link voltage of
100 V is used for each inverter. The experimental results are
presented in Figs. 17–22. Figure 17 shows pole voltages,
VA20 and VA40’ when the modulation index is 0.15. This
corresponds to layer 1 operation (three-level mode) of the
ﬁve-level inverter. Figure 17b shows the corresponding
phase-A voltage and phase current when the motor is at no
load. Figure 17c shows the (T*as+Toffset2) and (Toffset1+
Toffset2) offset waveform (DAC output). The total offset
(Toffset1+Toffset2) and (T*as+Toffset2) waveforms are in
agreement with the simulated waveforms shown in Fig. 14.
The pole voltage waveforms for inverter-A (VA20) and
inverter-B (VA40) for modulation index 0.3 (i.e. when the
reference space vector is in layer-2) are shown in Fig. 18a.
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Similarly, the pole voltage waveforms, when the reference
space vector is in the outer layer (modulation index ¼ 0.85),
are shown in Fig. 20a. The resultant phase voltage and
phase current are shown in Fig. 20b. Figure 20c shows the
(T*as+Toffset2) and (Toffset1+Toffset2) offset waveforms (DAC
output). The total offset (Toffset1+Toffset2) and (T*as+Toffset2)
waveforms match with the simulated waveforms shown in
Fig. 14 for a modulation index of 0.83. Figure 21a shows
pole voltages VA20 and VA40’ when the modulation index is
1.15. This corresponds to an overmodulation operation of
the ﬁve-level inverter. Figure 21b shows the corresponding
phase voltage VA2A4 and phase-A current when the motor is
at no load. The motor is tested for speed reversal operation
to test the performance of the PWM scheme in dynamic
conditions. Figure 22 shows the phase-A current waveform
when the motor is running in the forward direction and a
speed reversal command is given.

Table 4: Digital output from DSP I/O ports for various
values of the carrier index, I
Carrier index, Ia

A3

A2

1

1

1

2

1

0

3

0

1

4

0

0

The phase-A current and the resultant phase voltage across
phase-A winding of the induction motor are shown in
Fig. 18b. The (T*as+Toffset2) waveform and offset time,
(Toffset1+Toffset2) waveforms are shown in Fig. 18c (DAC
output). These wave shapes are similar to simulated
waveforms shown in Fig. 14.
The pole voltages VA20 and VA40’ when the modulation
index is 0.6 (layer-3 operation) is shown in Fig. 19a. The
corresponding phase voltage VA2A4 and phase-A current
when the motor is at no load are shown in Fig. 19b. Figure
19c shows the (T*as+Toffset2) and (Toffset1+Toffset2) offset
waveforms (DAC output). The total offset (Toffset1+Toffset2)
and (T*as+Toffset2) waveforms are agreement with corresponding simulated waveforms shown in Fig. 14.

5

Conclusions

A voltage modulation scheme of the SVPWM has been
presented for multilevel inverters. The centring of the
middle inverter switching vectors of the SVPWM is
achieved by the addition of an offset time signal to the
inverter gating signals, derived from the sampled amplitudes

Table 5: Decoding table for leg A of five-level inverter
A3

A2

1

1

PWM_A

Voltage
level

S11

S14

S21

S24

S31

S34

S41

S44

1

Vdc =2

1

0

1

0

0

1

0

1

0

Vdc =4

0

1

1

0

0

1

0

1

Vdc =4

0

1

1

0

0

1

0

1

1

0

1
0

0

0

1

0

1

0

1

0

1

0

1

1

0

0

1

0

1

0

1

0

1

0

Vdc =4

0

1

0

1

0

1

1

0

0

0

1

Vdc =4

0

1

0

1

0

1

1

0

0

Vdc =2

0
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0
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0
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Fig. 17

Modulation index 0.15 (layer 1 operation)

a Pole voltage waveforms. upper trace: VA20: X-axis: 1 div ¼ 20 ms, Yaxis: 1 div ¼ 50 V
Lower trace: VA40’: X-axis: 1 div ¼ 20 ms, Y-axis: 1 div ¼ 50 V
b Phase-A voltage and phase-A current waveforms. upper trace:
VA2A4: X-axis: 1 div ¼ 20 ms, Y-axis: 1 div ¼ 50 V Lower trace: IA: Xaxis: 1 div ¼ 20 ms, Y-axis: 1 div ¼ 2A
c Plot of TAS+Toffset2 and offset time Toffset1+ Toffset2 DAC output

of the reference phase voltages. The proposed SVPWM
scheme covers the entire modulation range, including the
overmodulation region. The PWM technique, presented in
this paper, does not need, any sector identiﬁcation, as is

Fig. 18

Modulation index 0.3 (layer 2 operation)

a Pole voltage waveforms
upper trace: VA20: X-axis: 1 div ¼ 10 ms, Y-axis: 1 div ¼ 50 V
lower trace: VA40’: X-axis: 1 div ¼ 10 ms, Y-axis: 1 div ¼ 50 V
upper Trace: VA20, lower trace: VA40’
b Phase-A voltage and Phase-A current waveforms
upper trace: VA2A4: X-axis: 1 div ¼ 10 ms, Y-axis: 1 div ¼ 50 V
lower trace: IA: X-axis: 1 div ¼ 10 ms, Y-axis: 1 div ¼ 2A
c Plot of TAS+Toffset2 and offset time Toffset1+Toffset2 for DAC output

required in conventional SVPWM schemes. Complicated
calculations for inverter switching vector times and look-up
tables for selecting the inverter switching vectors are also
avoided in the proposed scheme. This reduces the
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Fig. 19

Modulation index 0.6 (layer 3 operation)

a Pole voltage waveforms
upper Trace: VA20: X-axis: 1div ¼ 5 ms, Y-axis: 1 div ¼ 100 V
lower trace: VA40’: X-axis: 1div ¼ 5 ms, Y-axis: 1 div ¼ 100V
b Phase-A voltage and phase-A current waveforms
upper trace: VA2A4: X-axis: 1 div ¼ 5 ms, Y-axis: 1 div ¼ 100 V
lower trace: IA: X-axis: 1 div ¼ 5 ms, Y-axis: 1 div ¼ 2 A
c Plot of TAS+Toffset2 and offset time Toffset1+Toffset2 for DAC output

computation time, required to determine the switching
times for inverter legs, making the algorithm suitable for
real-time implementation. The proposed SVPWM signal
generation can be applied to any multilevel inverter

Fig. 20

Modulation index 0.85 (layer 4 operation)

a Pole voltage waveforms
upper trace: VA20: X-axis: 1 div ¼ 5 ms, Y-axis: 1 div ¼ 100 V
lower trace: VA40’: X-axis: 1 div ¼ 5 ms, Y-axis: 1 div ¼ 100 V
b Phase-A voltage and phase-A current waveforms
upper trace: VA2A4: X-axis: 1 div ¼ 5 ms, Y-axis: 1 div ¼ 100 V
lower trace: IA: X-axis: 1 div ¼ 5 ms, Y-axis: 1 div ¼ 2 A
c Plot of TAS+Toffset2 and offset time Toffset1+Toffset2, DAC output

conﬁgurations. In the present study, a ﬁve-level inverter
drive with open-ended winding induction motor is used for
experimental veriﬁcation of the proposed technique, and the
experimental results validate the proposed algorithm.
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Modulation index 1.15 (overmodulation operation)
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T Stopped
CH2=10mV
DC 1:1

2003/18/12 20:55:30
1s/div
(1s/div)
NORM;1kS/s

2

References

1 Holtz, J.: ‘Pulsewidth modulation–A survey’, IEEE Trans. Ind.
Electron., 1992, 30, (5), pp. 410–420
2 Zhou, K., and Wang, D.: ‘Relationship between space-vector
modulation and three-phase carrier-based PWM: A comprehensive
analysis’, IEEE Trans. Ind. Electron., 2002, 49, (1), pp. 186–196
3 Van der Broeck, Skudelny, H.C., and Stanke, G.V.: ‘Analysis and
realisation of a pulsewidth modulator based on voltage space vectors’,
IEEE Trans. Ind. Appl., 1988, 24, (1), pp. 142–150
4 Boys, J.T., and Handley, P.G.: ‘Harmonic analysis of space vector
modulated PWM waveforms’, IEE Proc. Electr. Power Appl., 1990,
137, (4), pp. 197–204
5 Holmes, D.G.: ‘The general relationship between regular sampled
pulse width modulation and space vector modulation for hard
switched converters’. Conf. Rec. IEEE Industry Applications Society
(IAS) Annual Meeting, 1992, pp. 1002–1009
6 Holtz, J., Lotzkat, W., and Khambadkone, A.: ‘On continuous
control of PWM inverters in over-modulation range including six-step
mode’, IEEE Trans. Power Electron., 1993, 8, (4), pp. 546–553
7 Lee, D., and Lee, G.: ‘A novel overmodulation technique for space
vector PWM inverters’, IEEE Trans. Power Electron., 1998, 13, (6),
pp. 1144–1151
8 Kim, J., and Sul, S.: ‘A novel voltage modulation technique of the
Space Vector PWM’. Proc. Int. Power Electronics Conf., Yokohama,
Japan, 1995, pp. 742–747
9 Carrara, G., Gardella, S.G., Archesoni, M., Salutari, R., and Sciutto,
G.: ‘A new multi-level PWM method: A theoretical analysis’, IEEE
Trans. Power Electron., 1992, 7, (3), pp. 497–505
10 Shivakumar, E.G., Gopakumar, K., Sinha, S.K., Andre, Pittet, and
Ranganathan, V.T.: ‘Space vector PWM control of dual inverter fed
open-end winding induction motor drive’. Proc. Applied Power
Electronics Conf. (APEC), 2001, pp. 339–405
11 Suh, J., Choi, C., and Hyun, D.: ‘A new simpliﬁed space vector PWM
method for three-level inverter’. Proc. IEEE Applied Power Electronics Conf. (APEC), 1999, pp. 515–520
12 Baiju, M.R., Mohapatra, K.K., Somasekhar, V.T., Gopakumar, K.,
and Umanand, L.: ‘A ﬁve-level inverter voltage space phasor
generation for an open-end winding induction motor drive’, IEE
Proc. Electr. Power Appl., 2003, 150, (5), pp. 531–538
13 Wang, FEI: ‘Sine-triangle versus space vector modulation for threelevel PWM voltage source inverters’. Proc. IEEE-IAS Annual
Meeting, Rome, 2000, pp. 2482–2488
14 Baiju, M.R., Gopakumar, K., Somasekhar, V.T., Mohapatra, K.K.,
and Umanand, L.: ‘A space vector based PWM method using only the
instantaneous amplitudes of reference phase voltages for three-level
inverters’, EPE J., 2003, 13, (2), pp. 35–45
15 McGrath, B.P., Holmes, D.G., and Lipo, T.A.: ‘Optimized space
vector switching sequences for multilevel inverters’. Proc. IEEE
Applied Power Electronics Conf. (APEC), 2001, pp. 1123–1129
16 Krah, J., and Holtz, J.: ‘High performance current regulation and
efﬁcient PWM Implementation for low inductance servo motors’,
IEEE Trans. Ind. Appl., 1999, 36, (5), pp. 1039–1049
17 Somasekhar, V.T., and Gopakumar, K.: ‘Three-level inverter conﬁguration cascading two 2-level inverters’, IEE Proc. Electr. Power Appl.,
2003, 150, (3), pp. 245–254

8 Appendixes
8.1 Algorithm for inverter leg switching time
calculation for a n-level Inverter scheme
(1) Read the sampled amplitudes of VAN , VBN and VCN for
the current sampling interval.
(2) Determine the time equivalents of phase voltages, i.e.
Tas ; Tbs andTcs
Ts
;
Vdc =ðn  1Þ
Ts

Vdc =ðn  1Þ
Ts

Vdc =ðn  1Þ

Tas ¼ VAN 
Tbs ¼ VBN
Tcs ¼ VCN
Fig. 22 Phase-A current waveform for speed reversal from 40 Hz
to 40 Hz
modulation index 0.70
X-axis: 1 div ¼ 1 s
Y-axis: 1 div ¼ 2 A

where n is the number of levels.
(3) Find Toffset1 as Toffset1 ¼ ðTmax þ Tmin Þ=2, where Tmax ,
Tmin are the maximum and minimum of Tas ; Tbs and Tcs .

(4) Determine Tas ; Tbs and Tcs as T as ¼ Tas þ Toffset1 ,
Tbs ¼ Tbs þ Toffset1 , Tcs ¼ Tcs þ Toffset1
(5) Determine the carrier indices Ia, Ib and Ic for A, B and
C phases, respectively.
(6) Determine Ta cross , Tb cross and Tc cross from (9) if n is odd
or from (10) if n is even.
(7) Sort Ta cross , Tb cross and Tc cross to determine Tfirst cross ,
Tsecond cross and Tthird cross .
The maximum of Ta cross , Tb cross and Tc cross is Tthird cross .
The minimum of Ta cross , Tb cross and Tc cross is Tfirst cross .
And the remaining one is Tsecond cross .
(8) Assign first_cross_phase, second_cross_phase and third_cross_phase according to the phase which determines
Tfirst cross , Tsecond cross and Tthird cross .
(9) If ðTthird cross  Tfirst cross Þ4Ts , go to step (13)
(10) Calculate Toffset2 as
Tmiddle ¼ Tthird cross  Tfirst
T0 ¼ Ts  Tmiddle

cross

therefore Toffset2 ¼ T0 =2  Tfirst cross
(11) Determine (Tga ; Tgb and Tgc )
Tga ¼ Ta

cross

þ Toffset2;

Tgb ¼ Tb cross þ Toffset2;
Tgc ¼ Tc cross þ Toffset2
(12) Go to step (1).
(13) Overmodulation
If

ðT

third cross

T

second cross Þ

oðT second cross  T first cross Þ
Toffset2 ¼ T first cross ; else
Toffset2 ¼ Ts  T

third cross

(14) Tg first cross ¼ 0, Tg second cross ¼ Tg second cross þ Toffset2
Tg third cross ¼ Ts
(15) If Tg second cross o0 ; Tg second cross ¼ 0
(16) If Tg second cross 4Ts ; Tg second cross ¼ Ts
(17) Determine Tga , Tgb , Tgc by equating Tg first cross ;
Tg second cross and Tg third cross to Tga , Tgb and Tgc depending
on the phase, which determines ﬁrst cross, second cross and
third cross during the sampling interval.
(18) Go to step (1).

8.2 Induction motor parameters
Three-phase, rating ¼ 1.5 kW
rated frequency ¼ 50 Hz
Poles ¼ 4
Rated voltage ¼ 230 V
Rs ¼ 2.08 O
Rr ¼ 1.19 O
Xs ¼ 2.26 O
Xr ¼ 2.26 O
M ¼ 2.15 O

