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Abstract—The AC drive configuration presented in this
article consists of two open-end winding induction motors
(OWEIM) fed by three two-level inverters for EVs. One end of
both the OEWIMs are connected to the output terminals of an
inverter whereas the other three-phase terminals of both the
OEWIMs are connected to two other inverter outputs. This
proposed configuration is capable of parallel operation where
they are connected to a common shaft. This topology has
several advantages such as redundant switching states, half-
rated DC link capacitors and power semiconductor devices.
Further this results in reduction in size of the overall size of the
entire configuration. The common inverter is rated for Vi
whereas the other two inverters are rated for Vi-/2, resulting in
only three inverters for the entire drive system, while the
conventional OEWIM require four inverters for the same
operation. A fuzzy logic based (field-oriented control) FOC is
used for the implementation of the proposed drive system.
First the simulation studies were carried out using
MATLAB/Simulink and the same has been verified using
OP5600 (Hardware-in-Loop) HIL system.
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I. INTRODUCTION

One of the most popular and environment-friendly
alternatives to the internal combustion (IC) engine is the
development of electric vehicles (EVs), which is rising day-
by-day steadily. The two basic modes of an EV are charging
mode and driving mode. EVs consist of a battery pack,
inverter and traction motor for its drive-train configuration.
The inverter drives the motor and power requirement is met
from the battery pack. Energy can be stored in the battery
pack either from the on-board charger or from the fast
charging stations. Several advancements have been reported
in the literature by researchers all around the world which
contributes to the growth of EVs.

In EVs, either an induction motor (IM) or permanent
magnet synchronous motor (PMSM) is invariably used for
driving the wheels [1]-[3]. IMs have superior advantages
compared to PMSM that makes it more preferable for the EV
applications. The demagnetization of the permanent magnets
due to temperature effect and the need for a strong magnet
makes it expensive; further, the rotor position sensing sensor
is required for PMSM which makes more complicated
compared to an IM [4].

Heping Liu, et. al. [5] suggested that the motors
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employed for drive applications should have exceptional
controlled-torque characteristic to satisfy frequent start/stop,
speedup/slowdown, and regeneration energy feedback,
increased torque at lower speed, reduced torque and constant
power run at higher speed. M. Zeroulia, et.al. [6] compared
and analyzed the electric-propulsion systems for a parallel
hybrid electric vehicle (HEV) and presented the most
suitable choice for the same, which has been accepted
widely. The comparative study was drive-specific for
electric-propulsion system, which included dc motor, 1M,
PMSM, and switched reluctance motor (SRM). The analysis
suggested that squirrel-cage induction motor meets the major
requirements for propelling an HEV. Further study
conducted by L. Di Leonardio, et.al [7] conducted studies on
type of motor for EVs show that IM is highly recommended
for traction applications, which include all configurations of
EVs.

Pennycott et.al [8] presented the reduction in energy
savings by minimizing the power loss in the motor by with
respect to wheel-torque. The loss in power during straight-
line drive and inclined slope on EVs for various motors were
investigated using off-simulation characteristics. Chih Ming,
et.al. [9] suggested two usage of two power sources for
motors as the driving range of the battery electric vehicles
(BEVs) had pronounced driving range. Hence the second
source can be a fuel cell or a super capacitor. The presence of
two independent sources allows the use of dual inverter to
feed the induction motor from both ends. Hence the stator
windings are opened and each winding is fed from both ends
thereby inviting the advantages of open-end winding
induction motor drives [10]. In the present context, the
addition of EVs may depend on transportation policy, energy
re-source benefits, technological abilities, and legislative
prioritization of responses to climate change. In the present
scenario, there is a huge demand for the selection of type of
motor for EVs. This project envisages a novel topology with
open-end winding induction motor drive for EVs. The
proposed drive configuration requires less-rated power
supplies, low power capacitors and switches in
rectifiers/inverters with high switching redundancies. Further
an efficient drive system for EVs with fast, smooth, robust,
and reliable control can be obtained.

II. PROPOSED CONFIGURATION AND ITS CONTROL

The circuit topology for open-end winding induction
motor (OEWIM) drive is shown in Fig. 1. An OEWIM is
formed by removing the star-point of a conventional



induction motor resulting in six terminals. Now the six input
terminals are fed by two two-level inverters. This drive has
several advantages such as reduction in DC-link capacitors,
device power ratings, rectifiers and isolation transformers.
Since it was extensively researched [13]-[18], hence the
detailed analysis is avoided for the sake of redundancy. This
setup is now capable of three level inversion.
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Fig. 1 Two Inverters feeding an OEWIM drive

A novel three-inverter-fed two OEWIM drive
configuration is proposed for four wheel drive in EVs. The
block diagram is shown in Fig. 2. In EVs there are several
conditions which demand four-wheel drive operation. An
OEWIM drive topology for four-wheel drive EV requires
four inverters for powering them; two inverters for each
OWEIM.

Fig. 2 Four-wheel driven EVs using triple inverters feeding two
OEWIMs

This makes the entire setup bulky and costly. Hence a
novel OEWIM drive topology, which requires only three
inverters for feeding two OEWIM drive system is proposed
as shown in Fig. 3, however, the power loss in the devices
have to be accounted for owing to the fact that Inv-1 is rated
for Vi while, Inv-2 & Inv-3 are rated for Vy./2.
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Fig. 3: Block diagram of a three isolated inverters feeding two OEWIMs
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It can be observed from Fig. 2 that the three two-level
three-phase inverters such as Inv-1, Inv-2 & Inv-3 are
connected to a common DC-link. Again from the same
figure, Inv-1 serves as the common inverter for OEWIM-1 &
OEWIM-2, while the other two ends of the two OEWIMs are
connected to Inv-2 & Inv-3 respectively. The same can be
visualized in circuit topology depicted in Fig. 3; however, the
connection for each inverter is shown separately for the sake
of clarity. Conventional single OEWIM drive requires two
transformers, two rectifiers and two inverters. Additionally,
in industries where conventional ac drive systems are
employed, the motors are located in remote locations which
require the cables to be drawn from the remote locations to
the control centre. Therefore, even in the case of
conventional single OEWIM, it requires six power cables

which results in high initial cost as compared to the
traditional three-level inverter configurations. Consequently,
for the operation of two conventional OEWIMs, four
isolation transformers, four rectifiers, and four inverters are
required that leads to a significant increase in overall system
cost, and operational cost as well. The proposed topology
with two OEWIM is fed using three inverters.

Thus, three isolated power supplies are sufficient to
power two OEWIMs. The OEWIM-1 operation requires two
inverters such as Inv-1 & Inv-2, where if Inv-1 is clamped to
either positive rail or negative rail of the DC-link, while, Inv-
2 will be switched and hence, a three-level inversion is
obtained. Similarly, OEWIM-2 is connected to Inv-1 & Inv-
3, where Inv-1 is clamped either to the positive rail or
negative rail and Inv-3 is switched. Hence, a three-level
inversion is obtained with each inverters-motor set. Thus
both the OEWIMs are operated in three-level mode. The
number of isolation transformers, rectifiers and inverters
required for the proposed configuration is lesser compared to
the conventional OEWIM drive.

Fig. 4 depicts the Field Oriented Control (FOC) method
for the proposed drive configuration. The scalar control
technique ("V/f"' procedure) for OEWIM has its constraints
as far as execution is concerned, which creates oscillations
on the delivered torque. Subsequently to accomplish better
powerful execution, a progressively prevalent control
strategy is required for OEWIM. With the numerical
handling abilities offered by the cutting edge
microcontrollers, digital signal processors and FGPA,;
superior control technique can be actualized to decouple the
generation and the magnetization functions in an OEWIM.
The FOC offers improved torque response, better speed
control at lower frequency and lower speed, its ability to
accurately control speed dynamically, reduced motor size of
the same rating compared to conventional methods, lesser
cost, lowered power consumption, operation in four
quadrants, and capability to randomly overload at short
intervals. Further improvisation can be achieved by
incorporating fuzzy logic controller in the proposed drive
system. The proposed methodology uses a mathematical
model to evaluate the current from the rotating reference
frame of the d, q axes for the OEWIM as the proposed drive
requires a robust and efficient control technique for smoother
operation.
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Fig. 4: FOC architecture for three inverters feeding two OEWIMs

III. RESULTS AND DISCUSSION

The proposed circuit topology for three inverter fed two
OEWIM control was first simulated in MATLAB/Simulink
environment. The obtained results were compared with the
OP5600 SIL first as depicted in Fig. 5 and the same has been
implemented using PHIL.
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Fig. 5 Block diagram of SIL and HIL

A Power Hardware-in-Loop (PHIL) schematic of the
proposed system is shown in Fig. 6. The purpose of the 200
kVA PHIL solution in the Smart Grid Laboratory is emulate
power systems, devices and controls and their integration to
physical model power systems, devices and controls to study
system behaviour and performance for a reasonable power
ranges and frequencies.
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Fig. 6 200 kVA Power Hardware in the loop (PHIL) schematic

The advantage compared to the testing of use cases at
very low powers and voltages, is the ability to model certain
physical phenomena in a realistic way (e.g. rotating
machinery thermal effects and time constants). Fig. 6 shows
the Power Hardware in the Loop setup with the OPAL RT
real-time simulators (OP5600), the I/O devices (OP4520)
and the 200 kVA, 5kHz Egston power amplifier.
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Fig. 7 Experimental setup of three three-level inverter fed two OEWIM
drive; (a) 15kW programmable DC power supply, (b) Three phase two-
level Inv-1, (c) Three phase two-level /nv-2, (d) Three phase two-level
Inv-3, (e) OEWIM-1 coupled with DC generator, (f) OEWIM-1 coupled
with DC generator-2, (g) Field excitation for DC generator-1, (h) Field
excitation for DC generator-2, (j) DSO for visualizing the PWM signals,
(k) DSO with differential voltage and current probes for measuring and
capturing voltages and currents

The test setup involved building of the two level inverter,
interfacing the inverter control circuit to the FPGA processor
OPAL RT 5600; and connecting the inverters to the two
open-end winding induction motor drives. The power supply
is turned-OFF for acquiring the pictures of the test setup
which is in tune with the EU electrical safety standards and
all the safety precautions were adopted and followed during
the hardware experimentation. Fig. 7 shows the complete
setup, which included the three phase Inv-1, Inv-2 and Inv-3
in a stack; however, the OPAL RT is now shown since it
remotely located whereas the connection between the OPAL
RT and the inverter was established by a high speed optical
fiber link. The resistive load bank is remotely located and it
is connected to the DC shunt generators via high power
cables running across the lab facility and it is not shown in
the picture due to cumbersomeness.

Fig. 8 shows the three-level OEWIM inverter drive
comprising of the motors coupled with DC generators for
loading the machines.
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Fig. 8 Two open-end winding induction motors with coupled DC
generators
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Fig. 9 Experimentally obtained results; Phase-A voltage waveforms of
Inv-1 (top trace), Inv-2 (bottom trace); and Phase-A current waveform
(middle trace)

The output waveforms for the proposed work is presented
in Fig. 9, which shows the phase-A voltages of Inv-1 (top
trace), Inv-2 (bottom trace) and motor phase-A current
(middle trace).

IV. CONCLUSIONS AND FUTURE SCOPE

The performance of the proposed three inverter fed two
OEWIM drives is suitable for improving the torque
requirement by coupling both the motors to the same shaft.
Since there are non-conformity of the voltage vectors
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generated by the /nv-I for the dual drive system, it is
observed that the motor is capable of running up to 25% of
the rated speed. During the execution of the project, two
open-end winding induction motors were used to test the
operation of this topology. The motors showed good
response up to 25% of rated speed, however the set-up
suffered from tripping of the inverter protection circuits
above 25% of the rated speed. This is because of the inherent
voltage vectors which disallows the operation during higher
speeds. This is due to the fact that /nv-7 feeds both OEWIM-
1 and OEWIM-2. The Inv-1 must deliver a voltage space
vector which has to be shared by Inv-2 & Inv-3 while Inv-2
and /nv-3 must generate voltage space vectors in accordance
with Inv-1 for the development of unidirectional torque.
Hence the drive system suffers from serious issues such as
non-conformity of the voltage vectors, torque fluctuation and
uneven distribution of the stator flux. Further, for a four-
wheel drive operation the speeds at which the front and back
wheels rotate are different due to the nature of the terrain
such as: cut-corners, uphill, downhill and curves.
Additionally, during forward, reverse operation and at bends
the front and back wheels in an EV is subjected to roll at
different speeds (the different speeds of the left and right
wheels are taken care by the differential). During these
terrains conditions and operating modes there is a tendency
of the wheels to slip resulting in poor steering control of the
vehicle, which is not recommended in any environment.
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