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Abstract—For high-power electric vehicles (EVs), the
drive propulsion based on induction motors is emerging
as economical alternative. Compared to conventional
induction motors, the open-end winding induction motor
(OEWIM) requires only half the dc-bus voltage for the
given torque. The EV power train based on the dual
two-level voltage-source inverter (VSI)-fed OEWIM with
isolated dc sources is used in this research. For uniform
state-of-charge (SoC) distribution, the power flow from
each isolated source needs to be controlled. A two-stage
model-predictive direct torque control (MPDTC) scheme
is proposed to balance the SoC of batteries by proper
selection of the VSI voltage vectors. The proposed MPDTC
scheme is free from weighting factor tuning and uses a
ranking method to predict the optimal voltage vectors. The
superiority of the proposed controller in terms of battery
SoC balancing is demonstrated. The performance of the
proposed MPDTC EV drive is verified for the FTP75 and
HFET driving cycles under different operating conditions,
both by simulation and hardware experimental tests.

Index Terms—Battery state-of-charge (SoC) control, elec-
tric vehicle (EV) propulsion systems, model-predictive di-
rect torque control (MPDTC), open-end winding induction
motor (OEWIM), vehicle power train control.
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I. INTRODUCTION

E LECTRIC transportation is needed for a sustainable future,
as it gives better control and management of pollution.

The need to reduce CO2 emission, especially in urban areas,
is forcing governments to bring regulations, which promote
the use of electric vehicles (EVs) and electric transportation
in public transportation service [1]–[3]. In the present scenario,
small individually owned electric cars and bikes have only 5%
utilization, so it is important to build suitable high-power vehicle
power trains for large cars, buses, cargo trucks, aircraft, ships,
etc. It is estimated that the EVs will replace one-third of the
total road vehicles by 2030. Most of the present-day small cars
use permanent magnet synchronous motors (PMSMs) as prime
movers. Rare-earth magnetic materials used in PMSMs have
limited availability and expensive. Developing drive trains based
on alternative motors that do not rely on permanent magnets,
such as induction motors (IMs), is an emerging research trend in
EVs. IMs are widely used in industry with a wide range of control
methods available in the literature [4]–[6]. However, IMs have
low power density and lower efficiency compared to PMSMs.
Hence, extensive research study in the field of IMs is a crucial
factor in improving its power density and drive range [4], [6].

From the safety point of view, low battery voltages (in the
range 24–96 V) are preferred for EVs. However, at these voltage
levels, the size of the IM increases as thick conductors are
required to carry higher currents. IMs with higher voltages (say
in the range 100–400 V) are better for heavy EVs, and the
corresponding dc-bus voltage for inverters needs to be in the
range of 200–800 V. Higher dc-bus voltages can be achieved
either by connecting the batteries in series or by using suitable
high-gain dc–dc converters. The series connection of batteries
reduces the reliability and also increases the size, cost, and
weight of the battery bank. The latter approach requires multiple
stages of dc–dc conversion leading to increased losses and size,
as the existing dc–dc converters have low gain (less than 3).
Also, with multiple stages, regeneration will be complex and
inefficient. This problem can be addressed by using open-end
winding induction motors (OEWIMs). Compared to the con-
ventional IM drive, the OEWIM drive develops same torque for
half the dc-bus voltages [7], [8]. Additionally, the dual two-level
voltage-source inverter (VSI)-fed OEWIM drive has improved
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Fig. 1. Dual-OEWIM-based D4WD topology for EV.

voltage waveform and harmonic profile similar to the three-level
VSI-fed drive [9]. Unlike conventional IM drives, the OEWIM
drive is powered by two independent dc buses, which are advan-
tageous due to distributed battery configuration and also higher
reliability due to built-in fault-tolerant operation (FTO). Various
power train mechanisms such as front-wheel drive (FWD),
rear-wheel drive (RWD), four-wheel drive (4WD), and all-wheel
drive (AWD) are adopted in road EVs [6], [10]–[15]. Although
FWD and RWD both are economical, they lack FTO. In 4WD
and AWD, in-wheel drives are controlled separately, which
results in high-performance drive but needs complicated control
action during failure mode. In the differential 4WD (D4WD),
differentials are adopted between the front and rear axle, and
between the wheels, which ensures safe and stable turning as
well as forward acceleration. Also, in the event of any one motor
failure, the D4WD can be run as FWD or RWD accordingly. So,
in this article, the EV with D4WD based on two OEWIM drives
is considered [16], and the corresponding drive arrangement is
shown in Fig. 1.

The variations in OEWIM electrical parameters, such as re-
sistance and inductance, cause significant variations in torque
and speed response. These torque and speed variations affect
the performance of the EV during running. Direct torque control
(DTC) is suitable in EV applications because of the rapid and ac-
curate torque response and avoids uncertainties over parameter
variation. In addition, DTC has less computational complexity
than other control techniques and does not need variables to
be decoupled and matrix transformation [10], [16]–[18]. The
DTC-based OEWIM D4WD for EV with dual isolated battery
packs (BPs) is given in [16]. In addition to normal operation,
this drive train has some attractive features such as lower
dc-bus voltage and ability to generate full torque when one
of the inverters powering the front OEWIM (FM) and rear
OEWIM (RM) fails. However, one limitation of this drive train
is that the loading of these BPs may differ due to variations
in environmental conditions, manufacturing tolerances, aging,
charging characteristics, internal resistance, and misalignment
of charging levels [19]. The weaker BP may get loaded more
and, therefore, discharged faster, thus creating load imbalance
and performance degradation. Both BPs require proportional
power sharing and even discharging at the same voltage level

to achieve excellent driving performance. This article addresses
these issues and improves the performance of the drive given
in [16].

Recently, several digital-signal-processor- and field-
programmable-gate-array-based high-performance controllers
such as model-predictive control (MPC) are becoming an
option to meet the high-speed optimized computational
requirements [20]. The MPC can predict the IM drive
performance few steps ahead (i.e., number of steps decided
by computational resource) and can select the most suitable
voltage vector (VV) to achieve good torque performance and
low torque ripple. This can be achieved by choosing a lower
sampling rate for the controller and thereby reducing the
switching frequency. The MPC-based EV power trains given
in [20]–[22] focus on drive control by incorporating long-
or short-horizon look ahead of driving conditions [20] and
stochastic MPC with a detailed evaluation of the driver model
based on the Markov chain by forecasting the maximum power
demand for the shortest prediction horizon [23]. In [21], the
stochastic MPC for parallel hybrid EV power-split control is
proposed to reduce relative fuel consumption, where MPC is
validated by applying the Markov chain model with a future
road-grade estimate. The MPC-based control is used in [22] to
reduce the probabilistic future energy consumption. This article
incorporates the efficiency of both MPC and DTC, thereby
developing an improved model-predictive DTC (MPDTC)
scheme. For MPDTC operation, offline/online tuning of the
weight factor is a significant concern for the EV application.
The solution of the weighting factor selection problem is
indicated by the algebraic criterion in [24]. In [25], sequential
MPDTC without the weight factor is provided with different
cost functions for torque and flux. The MPC method without
weight factor tuning is also suggested in [7] with ranking
analysis, but the influence of varied operating conditions leads
to less robustness. The MPDTC scheme in [26] solves the
problem due to weight factor tuning and parameter variation at
the cost of increased computational complexity. However, the
methods of [7] and [26] cannot be used to balance the state of
charge (SoC) of BPs while considering the dual-motor D4WD
EV. The proposed MPDTC is used for the future estimation of
rotational speed and torque and thus the total power demand
for the prediction horizon. At the same time, the battery SoC
balance is achieved by optimizing the proposed MPDTC
objective function with a proper study of the active power
sharing control scheme for the dual-OEWIM-powered D4WD
EV. This is a substantial improvement over [16] with improved
drive performance. The novelty and main contributions of this
article are as follows.

1) Seamless torque and speed distribution between FM and
RM drives are achieved by analyzing active power sharing
between the VSI and BPs.

2) An improved MPDTC algorithm is proposed for the
OEWIM-based D4WD EV, where the torque and flux
control objectives are integrated with the battery SoC
balancing.

3) The proposed MPDTC scheme achieves high-
performance dynamic speed and torque response
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Fig. 2. Speed control and torque reference calculation unit.

with reduced stator current harmonics at lower switching
losses.

4) The EV performance was validated both by simulation
and experiments at various operating conditions such as
acceleration, deceleration, and turning for FTP75 and
HFET driving cycles.

The rest of this article is organized as follows. A brief descrip-
tion of the dual-OEWIM D4WD and the proposed MPDTC with
SoC control is given in Section II. The implications of simulation
and experimental findings are described in Section III. Finally,
Section IV concludes this article.

II. PROPOSED MPDTC CONTROLLER WITH SOC
BALANCING FOR D4WD

A dual-OEWIM-based D4WD with two isolated BPs is shown
in Fig. 1. The EV propulsion system is used to supply power
to both FM and RM with four conventional two-level voltage-
source inverters (2L-VSI). Battery pack-1 (BP1) supplies power
to VSI1 and VSI4 of the FM drive, while battery pack-2 (BP2)
supplies power to VSI2 and VSI3 of the RM drive. The dc-bus
voltages of both BP1 and BP2 are kept equal, i.e.,VBP1 = VBP2 =
Vdc/2.

A. Speed and Torque Distribution

The functional block diagram of speed control and torque
reference calculation is shown in Fig. 2. The reference speed of
the FM (ω∗

mf ) and the steering angle (δ) are set either manually
(through the acceleration pedal, the brake pedal, and the steering)
or automatically (using GPS data) [16]. The reference speed
(ω∗
mr) of RM is computed from ω∗

mf using

ω∗
mr = ω∗

mf cos δ. (1)

The actual speeds of FM (ωmf ) and RM (ωmr) are sensed using
speed encoders and used as feedback for the speed controller, as
shown in Fig. 2. The speed error signals corresponding to FM
and RM are controlled by adopting two separate proportional–
integral (PI) controllers that generate reference driving torque
for FM (T ∗

df ) and RM (T ∗
dr), respectively. Tbl (l∈{f, r}) repre-

sents the gross torque developed by the EV during regenerative
braking. Let T ∗ be the total reference torque required to drive
the vehicle. It is dependent on the various force factors acting
on the vehicle, including total mass of the vehicle [16]. Based
on the exerted longitudinal forces on the front and rear wheels
of the dual-OEWIM D4WD EV, the corresponding torque is
developed by FM and RM, respectively. Hence, the optimal

Fig. 3. Possible VVs for the dual-VSI-fed OEWIM drive.

torque distribution for both FM (T ∗
mf ) and RM (T ∗

mr) can
be found by solving the unconstrained nonlinear optimization
problem, where the objective function can be expressed as in
(2). The torque distribution factor “W ” is considered as the
optimization variable and can be evaluated by using (3)

T ∗
mf = min

{
(T ∗
df − Tbf ), (RwFxf )

}
=WT ∗

T ∗
mr = min {(T ∗

dr − Tbr), (RwFxr)} = (1−W )T ∗ (2)

W = T ∗
mf/

(
T ∗
mf + T ∗

mr

)
(3)

whereFxf andFxr are the longitudinal forces required by front-
end and rear-end differential, respectively [16].

B. Dual-VSI Model With Possible Switching States

Let k represents the kth (present) sample with a sampling time
of Ts. The switching states of the each leg of the dual 2L-VSI,
in Fig. 1, namely, S(k)

al , S
(k)
bl , S

(k)
cl , S

(k)
a′l , S

(k)
b′l , and S(k)

c′l , can
be operated at either “1” or “0” states. The kth sample of phase
voltages can be synthesized from the measured dc-link voltages
(V

(k)
BP1 and V (k)

BP2 ) using these internal generated switching states
as in (4), thus reducing the number of voltage sensors to two⎡
⎢⎣ v

(k)
aa′l

v
(k)
bb′l

v
(k)
cc′l

⎤
⎥⎦ =

⎡
⎢⎣S

(k)
al

S
(k)
bl

S
(k)
cl

⎤
⎥⎦V (k)

BP1 −

⎡
⎢⎣S

(k)
a′l

S
(k)
b′l

S
(k)
c′l

⎤
⎥⎦V (k)

BP2 , l ∈ {f, r}. (4)

The possible switching states for the dual-2L-VSI-fed OEWIM
drive are 64 (26), as shown in Fig. 3. The VVs correspond-
ing to these switching states are categorized as large (6),
medium (12), small (36), and zero (10) vectors. The proper
use of redundancies in small and medium vectors can result
in switching loss reduction, FTO, and SoC balancing. Out of
36 small VVs, 24 small VVs can be used along with four zero
VVs (78′, 88′, 87′, and 77′), when an inverter connected to the
OEWIM fails. Remaining 12 small VVs are used during normal
operation of the OEWIM. In total, 34 VVs (large: 6, medium:
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12, small: 12, and zero: 4) are useful for the operation of the
proposed MPDTC-based OEWIM drive.

C. One-Step Delay-Compensated OEWIM Model

The OEWIM model is analyzed in a two-phase power-
invariant αβ (stationary) reference frame as

X
(k)
sl =

√
2

3

3∑
m=1
l∈{f,r}

X
(k)
ph,le

j
2π(m−1)

3 (5)

where X is a generic variable representing a space vector cor-
responding to voltage (v) or current (i) or flux (ψ) variables and
ph ∈ {aa,′ bb,′ cc′} represent the active phases of both FM and
RM. The termm represents the number of phases and superscript
k represents the present sample. The flux estimation model of
the OEWIM is defined as[

ψ
(k)
sl

ψ
(k)
rl

]
=
(
I +A(k−1)Ts

)[ψ(k−1)
sl

ψ
(k−1)
rl

]
+ Ts

[
v
(k−1)
sl

0

]
(6)

A(k−1) =

⎡
⎢⎣−

1

στs

kr
στs

ks
στr

− 1

στr
+ jω

(k−1)
rl

⎤
⎥⎦

where the backward Euler approximation (i.e., dψ/dt =
(ψ(k) − ψ(k−1))/Ts) is used to define the dynamics of the
motor. The cogging torque, magnetic saturation, hysteresis, and
eddy current losses are neglected for this simplified OEWIM
model.

The state-space discrete-time model of the OEWIM is stated
in (6)–(10). The response of the closed-loop control drive can
be improved by using delay compensation to account for the
delay associated with feedback sensors. Hence, a one-step delay
is introduced by using the forward Euler approximation (i.e.,
dψ/dt = (ψ(k+1) − ψ(k))/Ts) at a sampling interval Ts[27].
The stator flux information at the (k + 1)th state is obtained
using the kth state of stator flux and voltage information. In
addition, the predicted current at the (k + 1)th state in (8) can
be achieved from the (k + 1)th state stator flux information. The
speed dynamic relation for both FM and RM is presented in (10)[
ψ
(k+1)
sl

ψ
(k+1)
rl

]
=
(
I +A(k)Ts

) [ψ(k)
sl

ψ
(k)
rl

]
+ Ts

[
v
(k)
sl

0

]
(7)

[
i
(k+1)
sl

i
(k+1)
rl

]
= C

[
ψ
(k+1)
sl

ψ
(k+1)
rl

]
(8)

T
(k+1)
ml = �

(
pψ̄

(k+1)
sl i

(k+1)
sl

)
(9)

ω
(k+1)
rl = ω

(k)
rl +

pTs
J

(
T

(k)
ml − T

(k)
Ll

)

A(k) =

⎡
⎢⎣−

1

στs

kr
στs

ks
στr

− 1

στr
+ jω

(k)
rl

⎤
⎥⎦ , C =

⎡
⎢⎣

1

σLs
− kr
σLs

− ks
σLr

1

σLr

⎤
⎥⎦

(10)

where I represents the 2× 2 complex identity matrix with j as
the complex operator. T (k+1)

ml is the electromagnetic torque de-
veloped by FM and RM. σ = 1− L2

m/LsLr is the magnetizing
coefficient, τs = Ls/Rs and τr = Lr/Rr are the stator and ro-
tor time constants, respectively, ks = Lm/Ls and kr = Lm/Lr
are the stator and rotor constants, respectively, p is the number
of pole pairs, ω(k)

rl is the rotor electrical speed of FM and RM
at the kth instant, and the subscript l represents f : front and r:
rear.

D. Power Distribution Analysis

The EV system is designed for the optimum use of battery
power over its full operating range; hence, the analysis of the
power flow plays an important role. The EV can achieve its
highest speed when the torque developed in the OEWIMs is
at its maximum level. Thus, the maximum power requirement
of the EV is determined by the product of the highest speed
and the maximum developed torque. The rating of the OEWIMs
in the D4WD is decided on the basis of this maximum power
demand, irrespective of the available BP energy. Under steady-
state condition, the power input to the stator of both FM (Psf )
and RM (Psr) is expressed as

Psl = Rsl

[
(iαsl)

2 +
(
iβsl

)2]
︸ ︷︷ ︸

Copper loss

+
ωrl
pl
Tml︸ ︷︷ ︸

Shaft power

, l∈{f, r} . (11)

According to (11), the distribution of the speed and torque,
as decided by (1) and (2), determines how the total power of
the shaft is shared. The power flow from the two BPs can be
regulated by tuning the distribution factor W . For example, a
total current demand I∗ of the EV is distributed among the four
VSIs as i1 . . . i4, respectively, as their input currents. Now, the
current demand for FM (iFM) and RM (iRM) can be expressed as

iFM = i1 + i2 =WI∗, iRM = i3 + i4 = (1 − W ) I∗. (12)

When the EV accelerates, the RM experiences more load than
FM, and thus, W (0 < W < 0.5) is tuned to a smaller value
to meet higher current demand of the RM. While EV is in the
deceleration mode, FM experiences more load than RM and W
(0.5 < W < 1) is tuned to a higher value to meet higher current
demand of the FM. In accordance with (2), the magnitude of the
W is adjusted based on the distribution of the longitudinal forces
on the EV wheels. For power sharing among BPs, the SoCs of
both BPs need to be estimated by the Coulomb counting method
as follows [28]:

SoCn = SoC(0)
n − 1

Cn

∫
indt, n ∈ {BP1,BP2} (13)

where SoC(0)
n , Cn, and in represent initial SoC concentrations,

capacity of BPs, and current drawn from the BPs, respectively.
Due to the presence of internal impedance of BPs, there is a
possibility of battery voltage fluctuations during EV operation.
This results in the difference in SoC concentration of both BPs,
and thus, unequal currents are drawn from BPs. Unequal currents
further aggravate the SoC imbalance. Hence, for SoC balancing
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Fig. 4. Power sharing between the inverters connected to FM and RM.

in a time interval Ts, a proper switching vector selection from
the redundant VVs is necessary.

Fig. 4 shows the schematic diagram of the VV distribution
of individual inverters connected to either FM/RM in the αβ
frame and illustrates power sharing between them. The green
vector indicates the resultant stator VV (v(k)sl ) of both FM and

RM (l ∈ {f : FM, r : RM}). v(k)sl can be calculated using the

relations given in (4), (5), and (14). v(k)sf (v(k)sr ) is the difference

of v(k)s1 and v(k)s2 (v(k)s4 and v(k)s3 ) by considering unequal voltage

level of BPs, i.e., V (k)
BP1 and V

(k)
BP2

v
(k)
sf = v

(k)
s1 − v

(k)
s2 and v(k)sr = v

(k)
s4 − v

(k)
s3 . (14)

For convenience, hexagon for VSI1 and VSI4 (VSI2 and VSI3)
is indexed as Hex1 (Hex2). The intersection of Hex1 and Hex2
represents the shaded region and allocates the feasible linear
modulation range of VSI1 and VSI2 (VSI3 and VSI4) for the
essence of the VV distribution. To understand the VV represen-
tation, Hex1 is considered stationary, and the shaded hexagons
are representing rotation of Hex2 around Hex1 with rotor angular
speed ofωrl in theαβ frame. The orange vectors with magnitude

of
√

2
3v

(k)
BP1 and

√
2
3v

(k)
BP2 are used to represent v(k)s1 and v(k)s2 (v(k)s4

and v(k)s3 ) in the shaded region, respectively. The stator current
vector observed from VSI2 (VSI3) has an opposite direction
to that observed from VSI1 (VSI4) and is represented by blue
vectors. Hence, the output power of VSI1–VSI4 can be obtained
from the voltage and current vectors as

P
(k)
VSI1=�

(
v
(k)
s1f i

(k)
sf

)
and P

(k)
VSI2=−�

(
v
(k)
s2f i

(k)
sf

)
P

(k)
VSI4=�

(
v
(k)
s1ri

(k)
sr

)
and P

(k)
VSI3=−�

(
v
(k)
s2ri

(k)
sr

)
.

(15)

Consider that lP is the perpendicular line to the direction of i(k)sl

and passes through the intersection of v(k)s1 and v(k)s2 (v(k)s4 and

v
(k)
s3 ). lp shows the locus of the power shared by VSI1 (VSI4) and

VSI2 (VSI3) on FM (RM) operation. The locus lp1 indicates the

Fig. 5. Proposed MPDTC controller with SoC balancing for dual-
OEWIM-based D4WD EV.

minimum power shared by VSI1 (VSI4) and maximum power
shared by VSI2 (VSI3). Similarly, the locus lp2 indicates the
maximum power shared by VSI1 (VSI4) and minimum power
shared by VSI2 (VSI3). Once line lP moves beyond the range
between lP1 and lP2, it will have no intersections with the
feasible region of the VV distribution; thus, the power sharing
cannot be determined by lP1 and lP2. The modified MPDTC
scheme proposed in the following subsection deals with these
issues, and the current sharing by two BPs can be made nearly
equal (i.e., i1 + i4 ≈ i2 + i3).

E. SoC Balancing Through the Proposed MPDTC

In conventional MPDTC, the selection of the optimal vector
is based on the cost function associated with torque and flux
control objectives; thus, the SoC of the BPs in the OEWIM
D4WD cannot be maintained at same level. In this article, the
SoC balancing of the BPs is achieved by integrating objective
corresponding to SoC error in addition to the torque and flux
control objectives, as shown in Fig. 5. The proposed MPDTC
has several advantages over the conventional MPC[7] as listed
in the following.

1) It enables a combined torque and flux control with SoC
balancing in a single-objective function.

2) It eliminates the burden of weight factor tuning through
optimal VV selection.

3) It mitigates the torque ripple along with stator current
harmonics.

4) It evaluates the optimized VV as per the rank analysis and
thus reduces the computational burden and complexities.

The cost function associated with the modified MPDTC with
SoC balancing and switching frequency control is described in

g
(k+1)
l = λT

(
g
(k+1)
T,l

)2
+ λψ

(
g
(k+1)
ψ,l

)2
︸ ︷︷ ︸

Conventional MPDTC

+ λSoC

(
g
(k)
SoC

)2
︸ ︷︷ ︸

SoC Control

+ λsw

(
g
(k)
sw,l

)2
︸ ︷︷ ︸
Switching Loss

Control

(16)
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where g(k+1)
T,l , g

(k+1)
ψ,l , g

(k)
SoC, and g(k)sw,l are the control objectives

obtained from multiobjective separation and is defined as

g
(k+1)
T,l =

∣∣∣∣∣T
(k+1)
err,l

TN

∣∣∣∣∣ and g
(k+1)
ψ,l =

∣∣∣∣∣ψ
(k+1)
err,l

ψN

∣∣∣∣∣
g
(k)
SoC =

∣∣∣∣∣SoC(k)
err

SoCN

∣∣∣∣∣ and g
(k)
sw,l =

∣∣∣∣∣f
(k)
sw,l

VN

∣∣∣∣∣
(17)

where T
(k+1)
err,l = T

∗(k+1)
ml − T

p(k+1)
el is the torque error,

ψ
(k+1)
err,l = ψ

∗(k+1)
sl − ψ

p(k+1)
sl is the flux error, SoC(k)

e =

SoC(k)
1 − SoC(k)

2 is the SoC error, and f (k)sw,l = V
(k−1)
sl − V

(k)
sl is

the switching function error. TN , ψN , and VN are the nominal
values of motor torque, stator flux, and stator voltage, respec-
tively, for both FM and RM. SoCN is the nominal SoC value, i.e.,
100%. The weight factors (λT , λψ, λSoC, and λsw) are set to 0.25
for eliminating the shortcomings of online/offline tuning. Hence,
the value of the cost function g(k+1)

l is obtained within the limit

[0, 1], which directly uses the present VV (v(k)sl ). Implementing
these objective functions with one-step prediction is difficult.
Therefore, a two-step prediction is required using future VV
(v(k+1)
sl ) to compensate the controller’s delay issue, as in

g
(k+2)
T,l =

∣∣∣∣∣T
(k+2)
err,l

TN

∣∣∣∣∣ and g
(k+2)
ψ,l =

∣∣∣∣∣ψ
(k+2)
err,l

ψN

∣∣∣∣∣
g
(k+1)
SoC =

∣∣∣∣∣SoC(k+1)
err

SoCN

∣∣∣∣∣ and g
(k+1)
sw,l =

∣∣∣∣∣f
(k+1)
sw,l

VN

∣∣∣∣∣ .
(18)

The cost function associated with the modified MPDTC in (16)
can be interpreted as (19) by implementing two-step prediction
control objectives from (18):

g
(k+2)
l = λT

(
g
(k+2)
T,l

)2
+ λψ

(
g
(k+2)
ψ,l

)2
+ λSoC

(
g
(k+1)
SoC

)2
+ λsw

(
g
(k+1)
sw,l

)2
. (19)

The key benefit of the proposed MPDTC controller is to reduce
the computational burden with better drive performance. The
potential benefits of the proposed method are evaluated in the
two-stage selection process to optimize the VV selection and
reduce computational burden. The first step is to evaluate the
cost function g(k+2)

l with the present optimized VV instead of
evaluating for all 64 available VVs, as shown in Fig. 3. The
evaluated g(k+2)

l value is quantified within the limit [0, 1]. The
available VVs are categorized into four groups (large, medium,
small, and zero) with different magnitude as mentioned earlier
in Section II-B. As different VV groups have different effect on
torque and flux, further categorization of g(k+2)

l is necessary.
The generated cost function in (19) is subdivided into four
groups as in (20) to produce cost function index g(k+2)

x,l

g
(k+2)
x,l =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
+3, if g(k+2)

l ≥ 0.7

+2, if 0.7 ≥ g
(k+2)
l ≥ 0.6

+1, if 0.6 ≥ g
(k+2)
l ≥ 0.3

0, if 0.3 ≥ g
(k+2)
l ≥ 0

l ∈ {f, r}. (20)

The VV group selection is explained as follows.
1) The large VV group is selected for the faster torque and

flux response corresponding to g(k+2)
x,l = +3.

2) The medium VV group is selected on g(k+2)
x,l = +2. The

selected medium redundant VVs are used to maintain the
SoC of the dual BPs.

3) In order to minimize the torque and flux ripple, the small
VV group is selected on g(k+2)

x,l = +1. As the small VV
group contains more redundant VVs, it also helps to
balance the SoC of dual BPs.

4) The zero vector groups are selected, while no change in
torque is required, i.e., at g(k+2)

x,l = 0.
The second stage involves selection of optimal VV based

on the rank analysis to improve torque and flux performance
along with SoC control. Here, the control objectives given in
(18) are evaluated for all the available VVs in the selected
VV group. As four control objectives are considered here, each
VV in the selected VV group is associated with four different
ranks (i.e., R1, R2, R3, and R4). The maximum number of
rank values associated with each control objectives depends on
the available VVs in the selected VV group. As the maximum
number of VVs given in each VV group decreased to “12”
for the fault-free operation of the EV, the total computational
burden is minimized to 1/5 times to that of the MPC method
in [7]. By selecting a small or medium VV group, a maximum
of 12 ranks are required for each control objective to estimate the
optimum selection of VVs. Similarly, the calculation of ranks
corresponding to six VVs is required on selection of a large
VV group, which further reduces the computational burden to
1/10 times to that of MPC[7]. Finally, the optimum rank (R)
value is computed by minimizing the average ranking value for
each VV as in (21). The VV having a minimum mean rank
is known to be the optimum VV (vxl) for the next sample
interval Ts

R = min

(
1

4

4∑
n=1

Rn

)
. (21)

The optimum VV vxl further selects the switching pulse
to operate dual VSI connected to FM and RM. For example,
large VV VL2(25

′) is resulted from vector V2(110)− V ′
5(001)

of individual two-level switching states, as shown in Fig. 4.
Switching patterns required to drive VSI stacks are further
established using carrier-based space vector pulsewidth mod-
ulation (SVPWM) technique, in order to maintain the constant
switching frequency. This switching strategy enhances the use
of optimum VV and eliminates significant voltage harmonic
with reduced switching losses. A complete block diagram of
SVPWM operation is provided in Fig. 6 with the following
details.

Step 1: The optimal VV (vxl) generated from the two-stage
MPDTC scheme goes through the axis transforma-
tion with the stator flux angle (∠ψp(k+1)

sl ) to ob-
tain the reference VV v∗xl using the relation v∗xl =
vxl∠ψp(k+1)

sl , i.e., v∗xl = vxle
∠ψp(k+1)

sl = |v∗xl|∠v∗xl.
Such implementation is accomplished in order to
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Fig. 6. Optimal VV selection and SVPWM implementation.

rotate vxl in the direction of the stator flux angle
in the αβ plane.

Step 2: The dwell times are calculated using volt–second
balancing techniques [29]. Dwell times utilizes the
magnitude (|v∗xl|) and angle (∠v∗xl) of v∗xl for each
of the sectors corresponding to the FM/RM drives.

Step 3: A carrier of user-defined switching frequency (fsw)
is utilized to construct SVPWM. Using the calcu-
lated dwell times, seven timing intervals are defined
for the complete switching period (Tsw = 1/fsw).
To maintain only one state transition (either 0 to
1 or 1 to 0) during all the seven timing intervals
of Tsw, a proper selection of switching vectors are
configured as per [29]. In first half ofTsw, the switch-
ing sequence starts with the zero vector followed
by two adjacent active vectors and ends with the
redundant/zero vector. In the next half of Tsw, the
switching sequence starts with the redundant/zero
vector and utilizes the reflection of the VVs of the
previous half. During sector changeover of v∗xl, the
starting vector is known; thus, new active vectors
with one switching transition are selected to generate
new sequence. This process of switching sequence
design maintains the constant switching frequency
of the drive operation. The exactness of achiev-
ing constant switching frequency can be evaluated
from the state diagram of the switching sequences
of each switch, which is elaborately provided
in [29].

III. RESULTS AND DISCUSSION

To evaluate the performance of the proposed MPDTC with
SoC control of BPs, simulation and experimental investigations
are carried out for the dual-OEWIM-based D4WD EV. The
parameters of the EV model, OEWIMs, and VSIs are given in
Table I. Simulation and experimental validation are carried out
for an urban (FTP75) [30] and highway (HFET) driving cycles.

A. Simulation Results

Figs. 7 and 8 show the performance of the proposed drive
for FTP75 and HFET driving cycles, respectively. In Figs. 7
and 8, the SoC balance is enabled at t = t1 s. It is observed that

TABLE I
SIMULATION PARAMETERS OF THE DUAL-MOTOR D4WD EV

the proposed MPDTC controller is able to detect the initial SoC
differences of two BPs and maintain the SoC level for t ≥ t1 s.
The driving cycle in the above results consists of different driving
conditions such as acceleration, running, turning, and decelera-
tion. In order to observe the performance of the proposed drive,
the simulation results for each driving condition are shown in
Figs. 9–12. For all modes of operation, the conventional MPC[7]
is applied initially from time t = 0 to t1 s, while the proposed
MPDTC is applied at time t = t1 s. The proposed controller
maintains the SoC level of BPs at t ≥ t2 s, and there is no
SoC balance during the interval 0 ≤ t < t2 s. Controller takes
t = t2 − t1s time to achieve SoC balance.

1) During Acceleration: In Fig. 9, at the time of starting, the
SoCs of BP1 and BP2 are held at 95% and 94%, respectively.
Although enabling SoC balancing at t1 s, the SoCs of BP1
and BP2 are not immediately balanced. As a consequence, the
controller action takes place in such a way that more current has
been taken from BP1 and less current from BP2 to balance the
SoC at t = t2 s. For t ≥ t2 s, the proposed controller maintains
SoC balance of two BPs.

2) During Running: Fig. 10 evaluates the EV performance
during normal road driving. Before the proposed controller
enables SoC balance at t = t1 s, the BP1 and BP2 SoCs are
observed at 95% and 94%, respectively. Immediately after con-
troller action, more current is taken from BP1 than BP2 to align
the SoC at t = t2 s. After t2 s, the proposed controller maintains
the two-BP SoC level.

3) During Turning: The EV performance is tested during a
left and right turn when driving on a normal road, as shown in
Fig. 11. During the turn, it is found that the RM speed is less
than the FM speed and is a function of the steering angle. The
proposed control is tested for SoC balance at time t = t1 s while
turning right. By allowing more current from BP1 than BP2, the
proposed controller regulates the SoC of two BPs at t = t2 s;
at the same time, the satisfactory torque performance is also
accomplished.

4) During Deceleration: EV is decelerated through regen-
erative braking, and results are given in Fig. 12. During the
regenerative braking cycle, the controller enables BPs to be
recharged rather than discharged. In this scenario, BP1 and
BP2 SoCs are measured at 91% and 90.4%, respectively, at
time t = t1 s, i.e., in the vicinity of allowing SoC control. The
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Fig. 7. Simulation results of dual motor D4WD EV with SoC balancing for FTP75 driving cycle.

Fig. 8. Simulation results of the dual-motor D4WD EV with SoC balancing for the HFET driving cycle.

Fig. 9. Simulation results: SoC balance enabled at t = t1 s during
acceleration.

Fig. 10. Simulation results: SoC balance enabled at t = t1 s during
running.

Fig. 11. Simulation results: SoC balance enabled at t = t1 s during
turning.

Fig. 12. Simulation results: SoC balance enabled at t = t1 s during
regenerative braking.
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Fig. 13. Experimental hardware prototype of the dual-motor D4WD
EV.

Fig. 14. Torque and current ripple performance analysis for (a) the
proposed MPDTC and (b) MPC [7].

Fig. 15. Experimental results. Plot of (a) VSI switching losses and
(b) %THDi with respect to ωml at various load conditions.

Fig. 16. Experimental results. Plot of stator flux ψ(k)
sf

in the αβ plane
for (a) FM and (b) RM with a wide range of speed variations.

TABLE II
EXPERIMENTAL PARAMETERS OF THE DUAL-MOTOR D4WD EV

TABLE III
RIPPLE % COMPARISON FOR REAR OEWIM (RM) WITH THE PROPOSED

MPDTC AND MPC [7] AT THE SPEED OF 300 AND 1500 R/MIN

proposed controller works in such a way that BP2 is charged
quicker than BP1, and the SoCs of both BPs are balanced at
t = t2 s.

B. Hardware Results

The proposed method has been evaluated experimentally us-
ing the experimental test prototype shown in Fig. 13. It consists
of four VSIs, dSPACE MicroLabBox DS1202 platform, two
isolated battery emulators, and dual OEWIM with dynamo
meter set. The isolated battery emulator is controlled through
the dSPACE platform. The experimental setup and controller
parameters are listed in Table II. In order to test the perfor-
mance of the proposed MPDTC scheme, dual motor speed and
torque along with the BP voltages and currents are shown in
Fig. 14(a) and are compared with the performance of MPC [7]
in Fig. 14(b). It is observed that the proposed MPDTC provides
better dynamics with reduced torque and current ripple. This
can also be verified from the experimentally measured ripple %
quantified in Table III.
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Fig. 17. Hardware results of the dual-motor D4WD EV with SoC balancing while using portion of FTP75 driving cycle.

Fig. 18. Hardware results of dual motor D4WD EV with SoC balancing while using HFET driving cycle.

Fig. 19. Computational timing diagram of real-time implementation for
the proposed MPDTC scheme and MPC [7].

Fig. 15(a) illustrates switching loss corresponding to speed
variation for the proposed MPDTC and MPC [7]. It is observed
that the switching losses are more prominent for MPC [7]
as compared to the proposed MPDTC, whereas the switching
losses for both the methods are almost equal near the nominal
speed of the motors. The % current THD (%THDi) verses speed
variation is demonstrated in Fig. 15(b) for both the motors at
different loading conditions. The stator currents have lower
%THDi at higher speed with 90% of Tml, while %THDi is
higher at no load condition. The stator flux trajectory in the
αβ-axis is provided in Fig. 16 for both the motors in order to
show the effectiveness of the proposed MPDTC. It is observed

that both the motor drives are able to maintain its stator flux to
its nominal value of 0.687 Wb.

The SoCs of BP1 and BP2 are kept at 96% and 95%, respec-
tively. For each driving cycle assessment, the same voltage level
of the battery is considered in order to simplify the analysis.
The tests have been carried out for the FTP75 and HFET driv-
ing cycles, and the performance is shown in Figs. 17 and 18,
respectively. It can be observed that in both test cycles, initially,
SoC balance is not enabled for 0 < t < t1 s, and by applying
the proposed MPDTC controller, the initial differences in the
SoC levels of both BPs are balanced at time t = t1 s. These
experimental results are in agreement with simulation results and
also with the theoretical results and ensure SoC balance of both
the BPs in all operating conditions of EV, such as acceleration,
running, turning, and deceleration.

A comparison of timing information between the proposed
dual-motor drive MPDTC scheme and MPC [7] is illustrated
in Fig. 19. The microprocessor burden for the entire control
process, involving analog-to-digital (A/D) conversion, speed
control, Tel, ψsl estimation and prediction, cost function mini-
mization, and switching pulse generation, which is imposed by
the proposed MPDTC and MPC [7] in real time implementation,
is evaluated. The other processes for both the schemes in Fig. 19
include nonideal delay corrections, input–output interface con-
figuration, interrupt control, and pulsewidth modulation syn-
chronization. It can be noticed that the cost function minimiza-
tion process for MPC [7] requires approximately 35 μs, while
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the proposed MPDTC needs 3.5 μs; as stated earlier, a reduction
of 80–90% computational burden is achieved. Additionally, the
implementation of SVPWM includes a further 3.5 μs in order to
produce switching pulse at a constant switching frequency. In the
case of the proposed MPDTC, the overall computational time of
7 μs is involved in both cost minimization and switching pulse
generation, which is 1/5 times that of the MPC [7]. The proposed
MPDTC exhibits a significant advantage over the MPC [7]
approach for a wide range of speed variations, where switching
frequencies (up to 20 kHz) are utilized.

IV. CONCLUSION

In this article, a modified two-stage MPC with SoC balancing
dual-OEWIM-based D4WD was proposed, where the speed and
torque control of the OEWIM with SoC balance were achieved.
The two-stage optimization was adopted to minimize the effect
of weight factor tuning, which facilitates fast computation. The
effectiveness of the proposed SoC balancing was studied through
simulation and verified through hardware experimental tests
for different driving conditions. Also, the proposed drive was
verified through simulation as well as hardware experiments for
HFET and portion of FTP75 test driving cycle. The proposed
MPDTC dual-OEWIM-based D4WD will find applications in
high-power EVs. Combining the above algorithm with the FTO
under inverter fault is a challenging research work for the future.
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