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Abstract: This study proposes direct torque and flux control of dual-inverter-fed open-end winding induction motor (OEWIM)
with the help of model predictive control. OEWIMs are extensively used in electric vehicles and for ship propulsion but they
require a high dynamic performance. Predictive torque control (PTC) retains the features of direct torque control and offers a
high dynamic performance by eliminating start-up problems. In this study, predictive torque control is implemented for multilevel
inversion-fed OEWIMs. Multilevel inversion is obtained by operating two two-level inverters with equal and unequal DC link
voltages. The proposed study gives a comparative analysis of PTC of OEWIM for various speeds and numerical analysis of
torque ripple and flux ripple. The proposed methods are simulated using MATLAB/SIMULINK and experimental response shows
the validity of the developed methods.

1௑Introduction
Variable frequency drives are a workhorse of industries, better
performance of VFDs relies on dynamic response, simplicity,
lesser ripple in torque and flux. These characteristics of VFDs
attain an interesting area for researchers. VFDs are developed with
field-oriented control (FOC) or direct torque control (DTC). The
scheme of DTC circumvents the problems involved in FOC-like
coordinate transformation. DTC provides most of the
characteristics of VFDs and this was developed by Takahashi and
Nogouchi [1]. DTC has limitations: the use of hysteresis
controllers causes variable switching frequencies, start-up
problems and complex look-up tables for multilevel inversion.
Some of these limitations can be prevented by predictive torque
control (PTC). The advantages offered by model predictive control
are easy to control, implement, understand and addition of
constraints in cost function. Due to their vast advantages, the
combination of direct torque control and model predictive control
leads to the implementation of PTC. An extensive research has
been carried out during the past decade on PTC to reduce torque
and flux ripples. Correa et al. [2] have used PI controller and
predictive controller together to obtain high dynamic response with
the help of multilevel space phasor modulation. It uses a dead-beat
controller to calculate slip-angle of rotors. This offers an adorable
small-signal operation for multilevel inverter-fed induction
machines. A new PTC algorithm for induction motors implemented
in [3] is based on immediate flux control. It does not account for
the ripples in torque and flux but reduces the switching frequency.

In [4], a discrete-time model of induction motor was developed
in terms of state-space equations for the prediction of stator flux
and torque. This article utilises finite control set model predictive
control (FCSMPC) for its implementation and provides a solution
to prevent time delays for the prediction algorithm. In [5, 6] the
concept, evaluation, implementation and analysis of model
predictive torque control (MPTC) of induction motors were
developed using extrapolation. PTC offers lesser ripple in torque
and flux when compared with DTC. In DTC, the hysteresis bounds
are responsible to generate a switching vector; the selection of
voltage vector is an indirect process, whereas in PTC the selection
of the voltage vector is direct and obtained from optimisation of
cost function. A simple prediction model is implemented for DTC
to compensate delay time [7].

In the recent trend, the branches of PTC extended towards the
reduction of torque and flux ripples. The variable switching time

point PTC algorithm was introduced in [8] because PTC introduces
high current and torque ripples due to the switching frequency
which are less than half of the sampling frequency compared with
modulator-based approaches. To solve real-time problems, variable
switching time point is introduced to PTC. The concept of duty-
ratio control was added to PTC to reduce torque ripple but it
requires high sampling frequencies. In [9], an improved MPTC
with duty-cycle control was implemented to reduce torque and flux
ripples by optimising active voltage vectors as well as their
duration. In [10], generalised predictive torque control (GPTC) of
induction motor drive is implemented to run over the difficulties of
duty-ratio controlled MPTC by using two voltage vectors. GPTC
reduces the torque ripple but the computational burden is
accountable. Computational burden involved in a finite control set
PTC is expensive and utilises all voltage vectors for the prediction
of torque and flux. The computational burden involved in PTC is
higher compared with DTC; to conquer this novel DTC is
developed [11] to reduce switching frequency based on a look-up
table. The predictions of voltage vectors are always dependent on
two adjacent active vectors and a null vector.

In [12], a novel algorithm is proposed to control the torque of
induction motor using the angle between rotor flux and stator
current by developing the necessary equations for the prediction of
torque. The developed equations of current and torque predictions
are independent of voltage. In PTC, the optimisation of cost
function is dependent on torque and flux weighting factors. Tuning
of the weighting factor and selection of the weighting factor is
tedious [13]. To circumvent this, PTC of induction motor was
modified as model predictive flux control (MPFC) rather than
MPTC and it uses a control variable stator flux to eliminate
complex predictions. In [14], MPTC was developed by converting
torque and flux in terms of equivalent voltage vectors to eliminate
the effects of weighting factors on current and torque ripples. The
branch and bound algorithm was used to find the weighting factor
[15, 16]. Formulation of the flux weighting factor described in [15,
16] describes the formulation of weighting factor for common-
mode voltage.

The prediction algorithm of PTC involves measurement of
speed and currents. In [17], two sensorless PTC methods are
introduced; these are voltage model observer and sliding mode
observer. Direct estimation of speed from the current is possible
but it degrades the steady-state performance. To circumvent this,
extended Kalman filter (EKF) is used to estimate the speed by
using flux and stator currents [18]. In [19], sensorless PTC of

IET Electr. Power Appl., 2018, Vol. 12 Iss. 1, pp. 54-62
© The Institution of Engineering and Technology 2017

54



induction motor was developed by estimating rotor speed and rotor
flux with the help of EKF.

From the literature, PTC also suffers from variable switching
frequencies, higher ripples in torque and flux. To curtail torque and
flux ripples, it is better to use duty-cycle control or multilevel
inverter-fed induction motor drives. The multilevel inversion with
less number of switches can be obtained by using an open-end
winding configuration. This is the motivating factor to implement
PTC for open-end winding induction motors (OEWIMs). Dual-
inverter-fed OEWIM is a better alternative for multilevel inversion
schemes. OEWIM with dual-inverter configuration offers several
advantages: (i) multilevel inversion from two two-level inverters;
(ii) absence of clamping diodes as involved in neutal-point
clamped (NPC) inverters; (iii) it offers high redundancy of
switching states; (iv) less number of capacitors compared with
flying capacitor multilevel inverters and (v) few number of DC
sources when compared with cascaded H-bridge configuration
[20].

OEWIM has several applications such as in hybrid electric
vehicles (HEV) [21, 22], propulsion [23] and renewable energy
systems [24–26]. OEWIM configuration is also extendible for
more than four-level inversion by replacing two-level inverters
with three-level NPC inverters [27]. In [28], DTC of OEWIM is
implemented with ‘8’ switching states to obtain two-level voltage.
In [29], DTC of OEWIM is implemented with equal DC link
voltages to obtain three-level output voltage using space vector
modulation. In [30], DTC of induction motor was implemented
with 3 two-level inverters in cascaded H-bridge mode but it needs
18 switches for its operation, whereas the OEWIM requires 12
switches for its operation to obtain four-level inversion. DTC of
OEWIM for four-level inversion with space vector modulation is
reported [31–33]. The calculation of reference voltage space vector
and clamping of inverter to a particular switching state is complex.
The problems involved in the implementation of DTC of OEWIM
for multilevel inversion can be easily addressed by predictive
torque control.

This article clearly describes the implementation of PTC for
OEWIM drive. Intents of the article are: implementation of a
discrete model of OEWIM, mathematical model of an inverter,
formulating switching states and their classification. In this article,
OEWIM is subjected to operate with two-level and multilevel
inversion. By operating the two inverters with equal (1:1 ratio) DC
link voltage, two-level and three-level output voltages can be
obtained, whereas four-level output voltage can be obtained by
operating the two inverters with unequal (2 : 1 ratio) DC link

voltages. Hence, in this article the OEWIM drive is operated with
two-, three- and four-level inversion schemes by classifying the
voltage vectors according to the operating speed. The
computational burden involved can be reduced by classifying the
voltage vectors. A comparative study has been carried out on
torque ripple for different inversion schemes. The proposed
algorithms are implemented by using dSPACE DS-1104 controller
board.

2௑Inverter configuration and modelling of OEWIM
The configuration of OEWIM to obtain multilevel inversion is
shown in Fig. 1. In the power circuit by operating two inverters
with equal DC link voltages (x = y = 1/2), it is easy to obtain two-
and three-level output voltages, whereas by operating the two
inverters in the ratio of 2:1 (x = 2/3; y = 1/3), four-level output
voltage can be obtained [34]. To obtain four-level inversion, VSI-1
is operated with a voltage of (2Vdc/3) and VSI-2 is operated with a
voltage of (Vdc/3). 

The pole voltages of VSI-1 and VSI-2 with reference to
midpoint of the top and bottom capacitors are given by (1) and (2),
whereas (3) shows the difference in pole voltages:

Vro

Vyo

Vbo

= x ∗ Vdc

Sr

Sy

Sb

(1)

Vr′o′

Vy′o′

Vb
′
o′
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Sr′

Sy′
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′
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ΔVrr′

ΔVyy′

ΔVbb
′
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′
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(3)

From the difference of phase voltages the common-mode voltage
can be written as (4) and phase voltages of OEWIM are given by
(5)

Voo
′

= Vo =
1

3
ΔVrr′ + ΔVyy′ + ΔVbb

′ (4)
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Vyy′

Vbb
′

=
1

3

2 −1 −1

−1 2 −1

−1 −1 2

ΔVrr′

ΔVyy′
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′
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2.1 Dynamic model of OEWIM

Fig. 2 describes the dynamic model of OEWIM in stationary
reference frames. It clearly describes the operation of OEWIM for
multilevel inversion. In block diagram Vrr

′, Vyy
′, and Vbb

′ are phase
voltages and the dynamic equations of OEWIM are given by (6)–
(11). 

The stator and rotor voltages of OEWIM in stationary reference
frames are given by

Fig. 1௒ Power circuit of OEWIM
 

Fig. 2௒ Common-mode voltage model and OEWIM configuration in stationary reference frames
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Vsα k

Vsβ k
= Rs

isα k

isβ k
+

d

dt

ψsα k

ψsβ k
(6)

0

0
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d
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ψrβ k
+ ωr

ψrβ k
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The stator and rotor flux linkages of OEWIM are given by

ψsα k

ψsβ k
= Ls

isα k

isβ k
+ Lm

irα k

irβ k
(8)

ψrα k

ψrβ k
= Lr

irα k

irβ k
+ Lm

isα k

isβ k
(9)

From (6) to (9), the torque of the motor drive is given by (10); the
speed of OEWIM can be obtained from its mechanical equation
shown in (11):

T k =
3

2

P

2
ψsα k isβ k − ψsβ k isα k (10)

J
dωm

dt
= T − Tl (11)

3௑The Proposed PTC strategy
The block diagram of the proposed PTC is shown in Fig. 3. In this
article, the PTC algorithm for OEWIM was divided into three
modes based on output voltage from the inverter; Mode-1: two-
level output voltage, Mode-2: three-level output voltage and
Mode-3: four-level output voltage. The locations of active voltage
space vectors for multilevel inversion can be obtained by using
(12)–(14):

Vs1 =
2

3
x ∗ Vdc Sr + Sye

j2π /3 + Sbe
j4π /3 (12)

Vs2 =
2

3
y ∗ Vdc Sr′ + Sy′ej2π /3 + Sb

′ej4π /3 (13)

The resultant voltage space vector (14) is obtained from the
difference of (12) and (13):

Vs = Vs1 − Vs2 (14)

‘Vs1’and ‘Vs2’ are the output voltages of inverter-1 and inverter-2.
The resultant voltage space vector (Vs) is obtained from

realisation (14) of all possible switching states of VSI-1 and VSI-2.
The switching states are realised by using Sr = Sy = Sb = Sr

′ = Sy
′ = 

Sb
′ = 1/0. ‘1’ indicates upper switch in the respective leg is ON. ‘0’

indicates a lower switch in the respective leg is ON. OEWIM drive
with a dual-inverter configuration is rich in redundancy of
switching states [20] and offers 64 switching combinations; out of
these combinations it offers 37 locations for four-level inversion,
18 locations for three-level inversion and 7 locations for two-level
inversion. The switching states and location of active voltage
vector locations for the two-level inversion are clearly described
[28].

Locations of voltage space vectors are obtained from the
switching states of the VSI-1 and VSI-2. If VSI-1 and VSI-2 are
operated with equal DC link voltages (i.e. x = y = 1/2), then it gives
two-level (7 space vector locations) and three-level (18 space
vector locations) output voltage, whereas four-level output voltage
can be obtained by operating the inverters with unequal DC link
voltages (i.e. x = 2/3; y = 1/3). The locations of active voltage
space vectors are shown in Figs. 4a–c for two-level, three-level and
four-level inversion. In the classical DTC of induction motors, it
requires a three-level torque hysteresis controller, if it is desired to
operate an induction motor in a four-level inversion it requires
multi-level hysteresis controllers and modification of the look-up
table. The selection of the voltage vector depends on hysteresis
boundaries, which may cause higher ripple in torque and flux [35,
36]. To circumvent this problem and to operate induction motor
with multilevel inversion, OEWIM is a better alternative to meet
the features of VFDs. In the proposed PTC strategy, the voltage
space vector locations are classified into various groups and the
selection of active voltage vector is from optimisation of cost
function. In PTC, the selection of active voltage vector is direct and
chooses the voltage vector to reduce torque and flux ripple. In case
of two-level inversion mode, there are seven space vector
locations; the computational burden involved in this mode is less
when compared with three- and four-level inversion modes. In the
three-level inversion mode, the voltage space vector has 18
locations; locations V1 to V6 are used for speeds less than 50% of
the rated speed, whereas the active vector locations V7 to V18 are
used for speeds more than 50% of the rated speed. In four-level
inversion, the active voltage space vector has 36 locations;
locations V1 to V6 are used for speeds less than 35% of the rated
speed; locations V7 to V18 are used for speeds between 35% of the
rated speed and 70% of the rated speed and locations V19 to V36 are
used for speeds more than 70% of rated speed. For multilevel
inversion, PTC involves large computational burden, to abate this
problem, the voltage space vector is classified into various
categories. 

Once the switching states and their realisations are calculated,
then it is easy to predict torque and flux of an open-end winding
induction motor drive.

Fig. 3௒ Proposed predictive torque control algorithm
 

56 IET Electr. Power Appl., 2018, Vol. 12 Iss. 1, pp. 54-62
© The Institution of Engineering and Technology 2017

 17518679, 2018, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/iet-epa.2017.0209 by N

ational Institute O
f, W

iley O
nline L

ibrary on [29/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3.1 Prediction algorithm

The concept of PTC depends on measurements, estimation and
prediction of behaviour of the OEWIM in the next control cycle. In
the previous section, the discrete model of OEWIM was shown in
stationary reference frames at the kth instance; for the prediction of
torque and flux at the (k + 1)th instance, it requires speed and
current measurements. If currents are measured, then by using
stator voltage, flux linkages of stator (15) and flux linkages of rotor
(16) can be estimated. The predicted values of torque and flux are
obtained from the measurements and estimations at the kth
instance:

d

dt

ψsα k

ψsβ k
= Rs

isα k

isβ k
−

Vsα k

Vsβ k
(15)

ψrα k

ψrβ k
= A

ψsα k

ψsβ k
+ B

isα k

isβ k
(16)

The predictions of torque and flux are developed by using the
forward Euler's approach [37] and it is shown in (17):

dF

dt
=

F(k + 1) − F(k)

Ts
(17)

Therefore, from (17) the next state can be predicted as

F k + 1 =
dF

dt
Ts + F k (18)

From (15) and (18)
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T k + 1 =
3

2

P

2
ψsα k + 1 isβ k + 1 − ψsβ k + 1 isα k + 1 (21)

where
A = Lr/Lm, B = Lm − LsLr/Lm , C = LmRr/Lr , D = LsLr − Lm

2
/Lr ,

E = LmRr/Lr
2
D , F = Lm/LrD LmRr/Lr + RsLr/Lm

and G = Lm/LrD .

3.2 Formulation of cost function

To obtain the switching states of an inverter, optimisation of cost
function is required. The prerequisites of cost function are
common-mode voltage (Vo), stator flux reference (ψsref), predicted
values of stator flux (ψs (k + 1)), torque reference (Tref) and
predicted value of electromagnetic torque (Tk+1). The cost function
of the proposed PTC is shown in

g = σT Tref − Tk + 1 + σψ ψsref − ψs k + 1 + σn Vo (22)

The cost function (22) should be optimised for each active voltage
state of OEWIM drive configuration. The optimisation of cost
functions in such a way that the selected stator voltage vector can
produce fewer ripples in torque, flux and less common-mode
voltage. In (22), σT, σψ and σn are the weighting factors of torque,
flux and common-mode voltage. The weighting factors used for
simulation and experiment are σT = 1, σψ = 75 and σn = 0.1.
Branch and bound algorithm is used to determine the weighting
factors and they are obtained from several offline simulations. The
procedure to find the weighting factors for common-mode voltage
and stator flux is reported [15, 16]. In [15], the procedure to select
stator flux weighting factor and its effect on the performance of
induction motor drive are presented. The selection of weighting
factor for common-mode voltage and its influence on current is
reported [16].

4௑Results and discussions
The proposed PTC of OEWIM is shown in Fig. 3, to validate the
proposed algorithm it is simulated using MATLAB and verified
experimentally by using dSPACE DS-1104 controller board. VSIs
are used in OEWIM drive operated with DC link voltages of 270
and 270 V, respectively, for two- and three-level inversion
schemes; therefore the effective DC link voltage is 540 V. For four-
level inversion, VSI-1 and VSI-2 are operated with DC link
voltages of 360 and 180 V with an effective DC link voltage of
540 V.

Fig. 4௒ Location of voltage space vectors
(a) Two-level inversion, (b) Three-level inversion and, (c) Four-level inversion
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To verify the proposed PTC algorithms, the OEWIM drive is
subjected to operate at various speeds; for brevity, the simulation
and experimental results are shown for 100, 200 and 250 rad/s in
both forward and reverse motoring modes. The parameters of
OEWIM drive used for the verification of experimental response
are given in Table 1. The test bench used for verification of the
proposed algorithms is described in the Appendix. The focus of
this article is to develop PTC for OEWIM drive with equal and
unequal DC link voltages and also to show the simulation and
experimental response for three inversion schemes. 

It is a well-known fact that by operating induction motor drives
with multilevel output voltages, the torque ripple and flux ripple
decrease. A comparison of two-level, three-level and four-level
inversion schemes with the PTC algorithm was presented with
simulation and experimental results. The OEWIM was tested under
no-load condition; therefore the reference torque is zero in the
steady-state condition and the nominal/reference flux is 1 Wb.
Torque ripple and flux ripple are estimated from the deviation of
actual values of torque (10) and flux (8) with respect to reference
torque and flux.

Figs. 5–11 shows the simulated and experimental response of
OEWIM drive for various speeds. For step change of speed
response from 100, 200 and 250 rad/s are shown in Fig. 5 for two-

level, three-level and four-level inversion, respectively, in forward
motoring. From Fig. 5, it can be observed that if motor drive is
operating with multilevel output voltage fed by an inverter, then it
gives reduced ripple in torque and flux. 

Fig. 6 shows the simulated and experimental response of
OEWIM drive in reverse motoring mode for step change in speed.
Fig. 6 gives variation of torque and flux ripple for different output
voltage levels of an inverter and it gives higher ripple in torque and
flux at −100 rad/s as the speed of the motor drive increases the
input voltage to its stator terminals may increase and gives reduced
ripple in torque and flux at −200 and −250 rad/s. Fig. 6a is
simulated and experimental response of OEWIM drive in reverse
motoring for two-level inversion, whereas Figs. 6b and c represent
simulated and experimental response of OEWIM for three-level
and four-level inversion.

Simulated and experimental response of torque and flux of
OEWIM drive for a step change in speed from 200 rad/s to −200
rad/s is shown in Fig. 7 for two, three and four-level inversion
respectively. From Fig. 7, torque and flux ripple reduces for four-
level inversion when compared with two- and three-level inversion.
Fig. 7 also illustrates that the settling time required for a four-level
inversion is less when compared with two- and three-level
inversion.

Table 1 Specifications of OEWIM
Name Symbol Quantity
stator resistance Rs 4.2 Ω
rotor resistance Rr 2.6794 Ω
stator inductance Ls 0.54 H
rotor inductance Lr 0.54 H
mutual inductance Lm 0.512 H
poles P 4
inertia J 0.031 kg/m2

power P 3.7 kW
nominal torque T 24.48 N m
nominal flux Ψ 1 Wb
nominal speed Nr 1440 RPM

 

Fig. 5௒ Speed, torque and flux in forward motoring of OEWIM drive for 100, 200 and 250 rad/s
(a) Simulated and experimental response for two-level inversion, (b) simulated and experimental response for three-level inversion, (c)simulated and experimental response for four-
level inversion
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Fig. 8 shows the simulated and experimental response of speed,
current and voltage of OEWIM drive in forward motoring at a
speed of 250 rad/s. Fig. 8a gives simulated and experimental
response of OEWIM drive for a speed of 250 rad/s in forward
motoring for two-level inversion, whereas Figs. 8b and c represent
simulated and experimental response of OEWIM drive for a speed
of 250 rad/s in forward motoring for three- and four-level
inversion, respectively. Fig. 9 shows simulated and experimental
response of speed, voltage and common-mode voltage of OEWIM
drive at a speed of 200 rad/s; the common-mode voltage may vary

for different values for weighting factor, for a fair comparison it is
taken as constant for the three cases.

Fig. 9a shows the speed, voltage and common-mode voltage of
OEWIM drive for a speed of 200 rad/s in forward motoring for
two-level inversion, whereas Figs. 9b and c represent the simulated
and experimental response for three- and four-level inversion
schemes.

From Fig. 9, it is evident that by operating OEWIM with three-
and four-level inversion, the common-mode voltage can be
reduced. In the cost function of the proposed algorithm, the

Fig. 6௒ Speed, torque and flux in reverse motoring of OEWIM drive for −100, −200 and −250 rad/s
(a) Simulated response and experimental response for two-level inversion, (b) simulated and experimental response of three-level inversion and, (c) simulated and experimental
response for four-level inversion

 

Fig. 7௒ Speed, torque and flux in forward to reverse motoring of OEWIM drive for 200 to −200 rad/s
(a) Simulated and experimental response for two-level inversion, (b) simulated and experimental response of three-level inversion, (c) simulated and experimental response of four-
level inversion
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Fig. 8௒ Speed, current and voltage of OEWIM drive
(a) Simulated and experimental response for two-level inversion, (b) simulated and experimental response of three-level inversion, (c) simulated and experimental response of four-
level inversion

 

Fig. 9௒ Speed, voltage and common-mode voltage of OEWIM drive
(a) Simulated and experimental response for two-level inversion, (b) simulated and experimental response of three-level inversion, (c) simulated and experimental response of four-
level inversion

 

Fig. 10௒ Flux locus of OEWIM drive for two-, three- and four-level inversion, respectively
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common-mode voltage is added, by adding this term into cost
function the switching states are chosen accordingly for minimum
values of common-mode voltage. Therefore, the effect of common-
mode voltage is reduced from two-level inversion to a four-level
inversion.

From Figs. 5–7, it is clear that the torque and flux ripples
decrease by using a multilevel inversion scheme. To reduce the
computational burden on the controller, the voltage vectors have
been classified into different groups, whereas for two-level
inversion or in the case of classical PTC, there are six active
voltage vectors and two null vectors. Therefore, for two-level
inversion and classical PTC, the six active voltage vectors are
applied for all speed ranges, whereas in the proposed three-level
and four-level inversion schemes the voltage vectors are classified
to operate based on input reference speed; therefore the
classification active voltage vectors not only reduces torque and
flux ripple but also effects the computational burden on converters.

Fig. 10 illustrates flux loci of OEWIM for two-, three- and four-
level inversion. Flux locus is obtained by estimating α-axis and β-
axis flux with a simple flux observer. By integrating (15), real and
imaginary components of flux are estimated. From Fig. 10c, it is
seen that the flux ripple is less when compared with two- and
three-level inversion. The steady-state torque and flux ripple of
OEWIM drive for various speeds of operation is listed in Table 2.
The proposed PTC algorithms develop lesser ripple in torque and
flux when compared with classical DTC for OEWIM
configuration. 

5௑Conclusion
This article develops the scheme of PTC for OEWIM drive using
equal and unequal DC link voltages. It clearly describes
implementation, mathematical modelling and analysis of PTC and
impact of classification of voltage vectors on speed, torque and
flux. To reduce complexity and computational burden one step
ahead prediction (prediction horizon N = 1) is performed. The
proposed algorithm is simple and extendable for more than four-
level inversion by replacing two-level inverters with three-level
NPC inverters. For three-level and four-level inversion, the
computational burden is high; the burden can be reduced by
classifying the voltage vectors. By using the OEWIM drive, it is
easy to implement PTC with reduced torque and flux ripples for
multilevel inversion. The simulation and experimental results show
the effectiveness of the proposed PTC algorithms and give better
steady-state response for multilevel inversion.
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7௑Appendix
௑
7.1 Experimental set-up

Test bench to verify the proposed algorithm for experimentation is
shown in Fig. 11. The test bench contains a four-pole open-end
winding induction motor, two two-level voltage source inverters,
dSPACE DS-1104 controller board to deliver switching pulses,
voltage and current transducers. MATLAB/SIMULINK RTI model
is used to interface the dSPACE DS-1104 controller board. 

Fig. 11௒ Test bench used for experimentation
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