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Abstract—To improve the coordinate control performance
of the multiple motors in the distributed drive (DD) electric
vehicle (EV) system, an integrated direct torque control with
multiple voltage vector (MVV) modulation is developed and
implemented in this article. It focuses on the integrated mod-
ulation principle considering dynamic operating demands
and interaction between the independent drive wheels, where
the frequency ratio integrated modulation and virtual vector
integrated modulation are proposed and investigated. And
then, a 1/2 DD system with the dual in-wheel permanent mag-
net (DIW-PM) motors which is represented in the front and
rear drive wheels is selected as the control example. Based
on the six-leg inverter, the dual in-wheel permanent magnet
motor drive system is established and the mathematic model
is derived. The different modulation methods are discussed
and compared. Finally, the experiments are conducted on
the DD system with two different power levels and configu-
rations in-wheel PM motors, and the experimental results
are presented to verify the effectiveness of the proposed
integrated direct torque control method for the EV distrib-
uted drive systems.

Index Terms—Distributed drive (DD), in-wheel permanent
magnet (PM) motor, integrated direct torque control,
multivoltage-vector modulation.

I. INTRODUCTION

D ISTRIBUTED drive (DD) system that features short trans-
mission chain, compact structure, improved tire adhesion

distribution and high drive efficiency, which can significantly

improve the vehicle dynamics performance and energy utiliza-
tion of electric vehicles (EV), has received widespread atten-
tions [1], [2]. The DD system normally comprises two or more
motors with different output power to realize the direct drive of
the wheels, where the need for an intermediate differential to
transmit torque is eliminated [3]. To control the multiple motor
systems, a hierarchical master-slave controller through commu-
nication protocols is generally adopted [4], as shown in Fig. 1.
Yet, with the rapid iteration of intelligent driving technology,
high computing performance of the upper-level decision con-
trollers and the layered controllers is required to implement
advanced intelligent algorithms [5]. The multiprocessor redun-
dancy design and motor controller layer with more autonomous
decision-making capability which can reduce the workload of
the upper-level controller and improve the reliability of the sys-
tem have become the mainstream architectures of the EV sys-
tems [6], [7].

For the motor control layer with autonomous decision-making,
the collaborative control of the multiple motors is one of the key
challenges in the DD control system. It should be both indepen-
dently respond to the driving demands of each wheel and achieve
synchronization of the multiple wheels without influencing on
the single wheel. Specifically, on the one hand, the changes in
driving conditions, operating modes, and structural parameters
have a huge impact on the coordination control. When there are
coupling or overlapping motor drive systems in the vehicle chas-
sis that lack coordination control, it would inevitably lead to
deterioration of vehicle comprehensive performance under the
complex driving conditions [8]. In face of the complex and ever-
changing operating conditions, it is easy to experience disturban-
ces in the internal parameters of the drive motors and external
load disturbances, leading to a decrease in the control perfor-
mance of multiple drive motors, resulting in speed errors, unco-
ordinated speed response, and mutual dragging or sliding of the
drive wheels.

On the other hand, the control strategy of a single in-wheel
motor also directly affects the response speed and dynamic per-
formance of the DD system. Due to varying road conditions, the
motor control strategy may struggle to promptly account for the
combined outputs of all wheels when responding to these distur-
bances [9]. This may result in temporary speed discrepancies,
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uneven distribution of torque, and other instabilities within the
system, ultimately reducing the riding comfort. Therefore, how
to achieve speed synchronization and dynamic torque assign-
ment and response of in-wheel motors, how to improve the intel-
ligent control performance of the motor control layer, and how
to satisfy the complex driving conditions and autonomous
decision-making requirements have become hotspots and key
issues in the research field of distributed in-wheel motor drive
electric vehicles.

To solve the above issues, various control theories and meth-
ods have been applied for the multiple motor control system.
The torque assignment control strategies with the wheel operat-
ing status evaluation [10], [11], neural network controller [12],
and state error observer [13] are proposed for the DD system.
Furthermore, a torque distributor with motor drive control and
regenerative braking control is proposed in [14]. Furthermore,
based on the MPC of the tire models, the torque distributor is
established in [15], [16], [17] where the cost function of each
wheel is constructed on the target of slip rate. The above control
strategies have laid the foundation for the DD system. Indeed,
the existing control techniques for the DD system generally treat
the traction motors as moving points, neglecting the characteris-
tics of a single motor and failing to consider them as an overall
coordinated target with motion characteristics. It results in low
efficiency and being susceptible to operating condition of the
motor controller, and consequently the DD system cannot
respond to changes in the environment or operating conditions
efficiently [18]. Meanwhile, it also increases computational bur-
den on the upper layer controllers.

In terms of the single motor control, in general different con-
trol methods such as field-oriented control (FOC), direct torque
control (DTC), and model predictive current control (MPCC).
Yield different control characteristics [19], [20], and conse-
quently may result in different operating characteristics of the
motor. Moreover, without considering the collaborative control
strategy, the single motor control only has unidirectional charac-
teristics, and does not respond to the variation of the other
in-wheel motors. It also makes the correctness and real-time per-
formance of the upper layer controller decisions in traditional
collaborative control systems particularly important. Hence,
how to coordinate control the individual in-wheel traction
motors with different control methods and possibly consider dif-
ferent motor power levels with optimal combined power charac-
teristic output is a key issue that needs to be urgently addressed
in the DD system.

In response to the demand of the collaborative control in the
electric vehicle distributed drive system, based on the direct

torque control, the integrated modulation concept of the multi-
ple in-wheel motors is proposed in this article. By changing
the traditional centralized controller and respective in-wheel
motor controllers to an integrated direct torque controller with
multivoltage-vector (MVV) modulation, the front and rear in-
wheel motors are drive together, where the information interaction
chain is shortened and the coordinated control efficiency and over-
all controller robustness will be improved. Simultaneously, by
adopting a six-leg inverter coupled with the integrated modulation
concept, the overall vehicle smoothness and handling stability are
improved. Moreover, it also focuses on the effects of the integrated
direct torque control on the dynamic performance of the DD sys-
tem, including the synchronous performance and anti-interference
performance of the dual in-wheel motors, and analyzes the utiliza-
tion rate of bus voltage and harmonic suppression effect.

This article is organized as follows. The integrated modula-
tion control concept is proposed for the DD system. A 1/2 dis-
tributed drive electric vehicle system is selected as an example,
which consists of dual in-wheel permanent magnet (DIW-PM)
motors. In addition, the mathematical model of the DIW-PM
motors is established in Section II. In Section III, the integrated
direct torque control strategy with the multiple voltage vector
modulation is proposed and investigated. The MVV modulation
strategy based on the frequency ration and virtual vector are pre-
sented and derived in detail. In sequence, based on the experi-
mental setups, the different modulation strategies are discussed
and compared in Section IV. Finally, the conclusions will be
drawn in Section V.

II. INTEGRATED MODULATION CONTROL CONCEPT AND

MATHEMATICAL MODEL OF THE DIW-PM MOTORS

A. Integrated Modulation Control Concept

With the increasingly complex traffic conditions and perfor-
mance demanding, higher drive requirements have been put for-
ward for the EV’s drive motors. For the China light vehicle test
cycle (CLTC) [21], [22], the light-duty vehicles face multiple
frequent and continuous acceleration, deceleration, and start
stop states, which are more evident in commercial vehicles, with
acceleration and deceleration frequencies accounting for 28%.
In addition, frequent speed adjustments in the mid and high-
speed operating conditions account for 30%. These demanding
operations pose higher drive requirements for the coordinated
control of multiple in-wheel motors in the DD system.

Moreover, in the DD system with four in-wheel motors trac-
tion, the road conditions of the front and rear in-wheel motors
may be inconsistent under straight driving conditions. When the
performance of the front and rear in-wheel motors are inconsis-
tent, such as moment of inertia and power level, the poor
dynamic synchronization performances are obtained at the start-
ing, changing speed and being disturbed operating conditions,
which can lead to side slip, chatter, serious tire wear, and other
adverse consequences. To avoid the mutual dragging, higher
dynamic response and coordination control capacity of the
in-wheel motor drive systems with independent controllers are
strictly required.

Fig. 1. The control architecture in the distributed drive systems.
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Since the fast response and coordinated control are the core
demands of the DD systems, it is significant to propose a control
method that not only satisfies the high dynamic performance of
a single motor drive, but also achieves rapid cooperation among
multiple in-wheel motors. Furthermore, it is crucial that the con-
trol requirements and performance objectives are no longer just
for a single in-wheel motor, but for the multiple in-wheel motors
which are controlled as a whole under the complex operating
conditions.

Hence, in this article, the integrated modulation control con-
cept is proposed where two or more motors are controlled by
one controller with different power converters. The drive signals
of these motor power converters are modulated uniformly and
directly, rather than through the traditional method of separate
and independent control. As shown in Fig. 2(a), a 1/2 DD sys-
tem with dual in-wheel motors is considered as the case study to
illustrate our control design method where the dual in-wheel
motors are integrated and controlled. In the 1/2 DD system, an
in-wheel interior PM motor and an in-wheel surface PM motor
with different power levels are taken, which are utilized as the
front and rear in-wheel drive respectively. The six half-bridges,
comprising two three-leg inverters, are employed to drive the
two motors. Furthermore, a controller is employed for the cen-
tralized integrated control of the dual in-wheel motors.

B. Mathematical Model of the DIW-PM Motors

According to the traditional two motor drive system [23], the
DIW-PM motors are independent of each other in space and
the mathematical model of the DIW-PM motors in the a/b
coordinate systems are parallel. To simplify the construction of
the mathematical model, the three-phase windings of the two

motors are virtually shifted by 30�. Hence, the double motor
Clarke–Park six-dimensional transformation matrix is constructed

T3s=2s ¼ T1 0
0 T2

� �
(1)

T1 ¼ 2
3

cos h cos h� 2p=3ð Þ cos hþ 2p=3ð Þ
�sin h �sin h� 2p=3ð Þ �sin hþ 2p=3ð Þ
1=2 1=2 1=2

2
64

3
75 (2)

T2 ¼ 2
3

cos h� p=6ð Þ cos h� 5p=6ð Þ cos hþ p=2ð Þ
�sin h� p=6ð Þ �sin h� 5p=6ð Þ �sin hþ p=2ð Þ

1=2 1=2 1=2

2
64

3
75:
(3)

As shown in Fig. 3, T2 lags behind T1 with an electrical angle
of 30�. Under the a1-b1 coordinate system, T1 is the static coor-
dinate transformation of the motor-I. And, T2 corresponds to the
motor-II under the a2-b2 coordinate system.

The equations for the current of dq-axis, the dq-axis flux vec-
tors, and electromagnetic torque of the DIW-PM motors are
as follows:

id1 iq1 id2 iq2
� �T ¼ T3s=2s ia1 ib1 ic1 ia2 ib2 ic2

� �T
(4)

wd1

wq1

wd2

wq2

2
66664

3
77775 ¼

Ld1 0 0 0

0 Lq1 0 0

0 0 Ld2 0

0 0 0 Lq2

2
66664

3
77775

id1
iq1
id2
iq2

2
66664

3
77775þ

1

0

1

0

2
66664

3
77775wf (5)

Te1;2 ¼ 1:5
wf1iq1 0

0 wf2iq2

" # 

þ Ld1 � Lq1 0

0 Ld2 � Lq2

" #
id1iq1 0

0 id2iq2

" #!
p1
p2

" #
:

(6)

III. PRINCIPLE OF THE INTEGRATED MODULATION-BASED

DIRECT TORQUE CONTROL

According to the integrated modulation control concept, an
integrated direct torque control with MVV modulation is pro-
posed for the DIW-PMmotors, as shown in Fig. 4.

Fig. 2. Two degree of freedom lateral dynamics model. (a) Two degree
of freedom lateral dynamics model. (b) Six-leg inverter-motor system
topology.

Fig. 3. Frame transformation of the DIW-PMmotors.
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The integrated direct torque control mainly includes space
voltage vector synthetization, flux assignment, and MVV modu-
lation. It should be noted that the driving control of a single
in-wheel motor is no longer an independent DTC control, but a
centralized and integrated DTC control. It is important to high-
light that MVV modulation, which serves as a core component,
is preconfigured in practical applications and does not impose
an additional computational burden during real-time vehicle
operations. Furthermore, the integrated modulation control con-
cept enables DIW-PM motors to utilize a shared MVV modula-
tion database, thereby minimizing the number of lookup steps
required in the control process and further improving the fault
tolerance and robustness of distributed drive systems.

A. Space Voltage Vector Synthetization

In the 1/2 DD system, the integrated modulation control con-
cept constrains the DIW-PM motors motion, forming a three-
dimensional subspace shown in Fig. 5, which serves as the
magnetic coupling boundary. And the two-dimensional sub-
space is shown in Fig. 5(b).

According to the integrated modulation concept, the magnetic
coupling constraint makes the dual motors considered as a uni-
fied single motor. Therefore, combining Fig. 3 and the vector
space decoupling transformation matrix of multiphase motors
[24], [25], the original voltage vector modulation in Fig. 5(b)
forms the a1-b1 subspace and fifth harmonic a5-b5 subspace
shown in Fig. 6. It is worth noting that six half-bridges, compris-
ing two three-leg inverters, has the capability to generate 64 dis-
tinct switching states. Hence, the voltage vectors with amplitude

1/3Udc represent the 12 original voltage vectors in Fig. 5(b) cor-
responding to 24 switch states of the six-leg inverter, where
exist a set of three-phase winding switch states that are either 0
or 7, representing voltage vectors with an amplitude of 0. Those
original voltage vectors are synthesized in pairs to form remain-
ing 36 voltage vectors in Fig. 6 (e.g., V64 is composed of U04

and U60) which also includes 4 zero vectors located at the origin
position. The vectors in the a1-b1 coordinate correspond to the
vectors in the fifth harmonic a5-b5 coordinate, and each voltage
vector is numbered in decimal as SaSbScSxSySz ¼ 110 110 ¼
V66. Moreover, voltage vectors can be categorized into four dis-
tinct types based on each magnitude: large vectors with an
amplitude of 0.644Udc; medium vectors with an amplitude of
0.471Udc; original vectors with an amplitude of Udc/3 and short
vectors with an amplitude of 0.173Udc.

B. Flux Assignment

In addition, to manipulate the synthesized voltage vectors, it
is imperative to select an appropriate flux sector assignment
method, which directly affects the selection of the voltage vec-
tor. Therefore, to clarify the impact of individual voltage vector,
the voltage vector plane is segmented into 12 sectors as shown
in Fig. 7, which includes two methods of flux sector assignment.
It should be noted that inappropriate sector assignment can lead
to ambiguity in the selection of voltage vectors, resulting in inef-
fective tracking of torque and flux loops. Therefore, in the case
of the voltage vector expressed in Fig. 5(b), the method-II is
employed for sector assignment, which is shown in Fig. 7(c).
Similarly, for the virtual vector of MVV modulation illustrated
in Fig. 9, method-I is selected. Furthermore, to simplify the
naming of the voltage vectors, the voltage vector in Fig. 7(c) is
equivalent to that in Fig. 6 (e.g., V1

1 represents U40).
Combining the principle of optimal flux sector assignment, the

sector in which the flux is located at any time can be obtained by

Fig. 4. Block diagram of the integrated direct torque control for DD
system.

Fig. 6. Voltage vectors synthetization in a1-b1 and a5-b5 subspaces.

Fig. 5. The original space voltage vectors of DIW-PM motors. (a) 3-D
space voltage vectors. (b) 2-D voltage vectors.

Fig. 7. Flux sector assignment method and original voltage vectors.
(a) Method-I. (b) Method-II. (c) Original voltage vectors.
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estimating the flux. And the flux estimation can be determined
by performing a coordinate transformation using (5).

In addition, to effectively regulate the torque and flux control
loop, it is imperative to acquire the tolerance values of torque
and flux by hysteresis comparators. The torque and flux ampli-
tudes are adjusted through hysteresis comparators, where the
differences between the expected value and the feedback value
are compared with the upper and lower limits of the hysteresis
comparator to determine the signals for increasing or decreasing
torque and flux, and the hysteresis comparators are expressed as

eT12 ¼

11, ðT�
e1 � Te1 > 0:001Þ&ðT�

e2 � Te2 > 0:001Þ
10, ðT�

e1 � Te1 > 0:001Þ&ðT�
e2 � Te2 < �0:001Þ

01, ðT�
e1 � Te1 < �0:001Þ&ðT�

e2 � Te2 > 0:001Þ
00, ðT�

e1 � Te1 < �0:001Þ&ðT�
e2 � Te2 < �0:001Þ

8>>>><
>>>>:

(7)

ew12¼

11, w�
s1

�� ��� ws1j j>0:0001
� �

& w�
s2

�� ��� ws2j j>0:0001
� �

10, w�
s1

�� ��� ws1j j>0:0001
� �

& w�
s2

�� ��� ws2j j<�0:0001
� �

01, w�
s1

�� ��� ws1j j<�0:0001
� �

& w�
s2

�� ��� ws2j j>0:0001
� �

00, w�
s1

�� ��� ws1j j<�0:0001
� �

& w�
s2

�� ��� ws2j j<�0:0001
� �

,

8>>>><
>>>>:

wsij j¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2
aiþw2

bi

q
(8)

where Tei (i ¼ 1, 2) are calculated by (6). And generally,
jwsi*j (i ¼ 1, 2) are equal to the amplitude of the permanent
magnet’s flux.

C. MVV Modulation Strategy

According to voltage vector synthetization in Fig. 6, and the
flux assignment which includes current flux sector, the torque and
flux output signals derived through hysteresis comparators, the
multiple voltage vectors are selected in the Table I (e.g., V1

1V2
2

represents V44), where the control signals for electromagnetic tor-
que and stator flux are denoted as eTi and ewi, respectively.

It should be noted that the output of the hysteresis comparator
can be arbitrarily combined to meet the differential or synchro-
nization requirements of the DIW-PM motors. Subsequently,

the optimal voltage vector is selected by MVVmodulation strat-
egy according to Table I, effectively distributing the driving
power for the dual motors. Therefore, this flexible MVV modu-
lation strategy is sufficient to cope with complex and variable
vehicle operating circumstances.

1) MVV Modulation Based on Frequency Ratio: In general,
in-wheel motors with different parameters are employed to
improve the adaptability of vehicles to complex road conditions
in a DD system. Nevertheless, the synchronization performance
of the wheels during variable speed process is poor, necessitat-
ing precise coordination of the controller, particularly in straight
driving scenarios. Therefore, to further improve the synchroni-
zation performance of the process, based on the switch table of
the multiple voltage vectors, the frequency ratio of MVV (FR-
MVV) modulation is investigated, as shown in Fig. 8. Addition-
ally, a hysteresis comparator is introduced in (9), with the
threshold Bf determined by the sampling precision of the
vehicle’s electronic control unit and the computational complex-
ity of the control system. The threshold Bf is equal to 0.001

detn ¼ 1 Dn� � Dn � Bf

0 Dn� � Dn < �Bf :

(
(9)

By taking the speed of motor-II as a reference, when the
motor-I lags behind, indicated by detn ¼ 1, the k þ 1 vector
should be used for acceleration instead of the vector specified in
the Table I. However, this approach leads to a significant
decrease in the amplitude of flux, which fails to meet the perfor-
mance criteria. On the other hand, when the motor-I speed
exceeds, represented by detn ¼ 0, the k � 1 vector should be
employed for deceleration when eTi ¼ 1, ensuring compliance
with flux and torque requirements while achieving the desired
deceleration for motor-I. Based on the aforementioned analysis,
the switch table of FR-MVV is established as shown in Table II.

2) MVV Modulation Based on Virtual Vector: Although the
application of the switch tables for the MVV modulation strat-
egy and FR-MVV can effectively control the DIW-PM motors
to face various working conditions, FR-MVV is only suitable
for straight driving condition. On the other hand, the voltage
vectors selected in the Tables I and II include the long vectors,
medium vectors, and short vectors. This has the dual effects of
reducing the utilization rate of bus voltage, which is easily influ-
enced by the selected voltage vector magnitude, and potentially
increasing losses due to the lack of harmonic flux control in the
a5�b5 subspace. These factors lead to an increase in the har-
monic content of the stator current, impacting overall system
efficiency. Hence, to enhance the efficiency of bus voltage utili-
zation, mitigate current harmonics, and simultaneously accom-
modate diverse intricate driving scenarios, the virtual vector of
MVV (VV-MVV) modulation is proposed.

TABLE I
SWITCH TABLE OF THE MVV MODULATION STRATEGY

Sector k
(k ¼ 1, 3, 5, 7, 9, 11)

eT12 ¼ 11 eT12 ¼ 10 eT12 ¼ 01 eT12 ¼ 00

ew12 ¼ 11 V1
kþ2V

2
kþ3 V1

kþ2V
2
k�1 V1

k�2V
2
kþ3 V1

k�2V
2
k�1

ew12 ¼ 10 V1
kþ2V

2
kþ5 V1

kþ2V
2
k�3 V1

k�2V
2
kþ5 V1

k�2V
2
k�3

ew12 ¼ 01 V1
kþ4V

2
kþ3 V1

kþ4V
2
k�1 V1

k�4V
2
kþ3 V1

k�4V
2
k�1

ew12 ¼ 00 V1
kþ4V

2
kþ5 V1

kþ4V
2
k�3 V1

k�4V
2
kþ5 V1

k�4V
2
k�3

Sector k
(k ¼ 2, 4, 6, 8, 10, 12)

eT12 ¼ 11 eT12 ¼ 10 eT12 ¼ 01 eT12 ¼ 00

ew12 ¼ 11 V1
kþ3V

2
kþ2 V1

kþ3V
2
k V1

k�1V
2
kþ2 V1

k�1V
2
k

ew12 ¼ 10 V1
kþ3V

2
kþ4 V1

kþ3V
2
k�4 V1

k�1V
2
kþ4 V1

k�1V
2
k�4

ew12 ¼ 01 V1
kþ5V

2
kþ2 V1

kþ5V
2
k V1

k�3V
2
kþ2 V1

k�3V
2
k

ew12 ¼ 00 V1
kþ5V

2
kþ4 V1

kþ5V
2
k�4 V1

k�3V
2
kþ4 V1

k�3V
2
k�4

Fig. 8. Frequency ratio judgment.
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Due to the nonzero sequence component of voltage vectors in
the fifth harmonic a5-b5 subspace, the voltage vector selected in
the a1-b1 subspace exerts a malignant impact on the a5-b5 sub-
space. To enhance the magnitude of the virtual vector while
reducing the harmonic content, two vectors are selected from
Fig. 6 to synthesize a virtual vector, so that the magnitude of the
virtual vector synthesized in the fifth harmonic a5-b5 subspace
is zero. Consequently, the voltage vectors used to synthesize the
virtual vectors should be aligned in the same direction in the
a1-b1 subspace, while they should be opposite in the a5-b5 sub-
space. Taking the voltage vectors in quadrant I of the a1-b1 sub-
space as an example, as shown in Fig. 9(a), the large vector
(e.g., V44, V64, and V66) and the medium vectors (e.g., V65, V46,
and V24) are collinear and able to eliminate the harmonic com-
ponents when synthesizing the virtual vectors. Although it is
possible to use the short vector V25 and medium vector V46 for
synthesizing a virtual vector, the smaller magnitude of the syn-
thesized virtual vector leads to a decrease in the bus voltage uti-
lization. Therefore, the optimal virtual vectors are composed of
the long and medium vectors.

To synthesize the virtual vectors, the principle of voltage-
second balance can be explained as follows:

VVS1j jTS ¼ VLj jKLTS þ VMj jKMTS
¼ 0:644UdcKLTS þ 0:471UdcKMTS

VVS5j jTS ¼ VMj jKLTS � VLj jKMTS
¼ 0:471UdcKLTS � 0:644UdcKMTS:

8>>>><
>>>>:

(10)

where KL and KM represent the duty cycle of the long and
medium vectors in the control cycle Ts respectively, and KM þ
KL ¼ 1. The amplitude of the synthesized virtual voltage vector
in the a1-b1 subspace is denoted as |VVS1|, while the amplitude

in the a5-b5 subspace is denoted as |VVS5|. And to eliminate the
harmonic, let the amplitude in the a5-b5 subspace be 0, that is

VVS5j j ¼ 0 (11)

which gives

KL ¼ 0:578, KM ¼ 0:422

VVS1j j ¼ 0:571Udc:

(
(12)

The action time of the long vectors is 0.578Ts, and the
medium vectors is 0.422Ts. The synthesized virtual vector has
an amplitude of 0.571Udc, which can effectively improve the
utilization rate of the bus voltage. Further analysis shows that
only by ensuring that the action time of the long vector is 1.3697
times of that of the medium vector, the amplitude of the synthe-
sized voltage vector in the a5-b5 subspace becomes 0. Based on
the synthesis rules outlined above, the 12 virtual voltage vectors
can be synthesized, and the distribution of virtual voltage vec-
tors is shown in Fig. 9(c).

To prevent different effects of a single virtual voltage vector
within a sector, the assignment method-I in Fig. 7 is chosen
which is indicated by the annotations in Fig. 9(c). Moreover, to
reduce the occurrence of harmonics in the current, it is impera-
tive to optimize the pulse sequence of the virtual voltage vector.
This optimization ensures that the PWM signal maintains sym-
metrical around the central axis within a single switching cycle.

IV. EXPERIMENTAL VERIFICATION

To assess the effectiveness of the integrated direct torque con-
trol with MVV modulation, the independent direct torque con-
trol (IDTC) [20], [26] is selected as a comparison, and for better
implementation of the algorithmic comparison, control variates
are realized, where the speed loop parameters are identical,
while the prototype of the DIW-PM motors and experimental
platform are constructed, as shown in Fig. 10. The experimental
setup includes the RTU-204 controller, six-leg inverters and
DIW-PM motors experimental platform. It should be noted that
the RTU-204 controller core consists of a TMS320F28346 from
Texas Instruments Incorporated and four FPGAs from Xilinx
Incorporated, and the operating frequency is 5 kHz. And, the
load motor-I and load motor-II, powered by the ACS580-C26-
17A0-3B universal servo driver, are both induction motors. It is
worth noting that the output load torque is transmitted to the
in-wheel motor via kinematic equilibrium, facilitated by the

TABLE II
SWITCH TABLE OF THE FR-MVV

Sector k
(k ¼ 1, 3, 5, 7, 9, 11)

detn ¼ 1 detn ¼ 0

ew1 ¼ 0, eT1 ¼ 1 Unchanged V1
kþ4

ew2 ¼ 1 eT2 ¼ 1 Unchanged V1
kþ2

Sector k (k ¼ 2, 4, 6, 8, 10, 12) detn ¼ 1 detn ¼ 0

ew1 ¼ 0, eT1 ¼ 1 Unchanged V1
kþ3

ew2 ¼ 1 eT2 ¼ 1 Unchanged V1
kþ1

Fig. 9. Twelve virtual voltage vectors synthesized in a1-b1 subspaces.
(a) a1-b1 Subspace. (b) a5-b5 Subspace. (c) Virtual vectors.

Fig. 10. The photo of experiment platform.
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frictional torque generated between the roller and the tire as a
result of the counter-rotation of both the load motor and the
roller. The key parameters of the experimental setups are
shown in Table III.

A. Driving Condition Comparison

1) Straight Driving Condition: Figs. 11 and 12 illustrate the
experiments conducted on variable speed and variable loads. To
replicate actual vehicle driving conditions, the DIW-PM motors
are subjected to an initial load, with motor-I and motor-II
experiencing loads of 7.5 N�m and 5.4 N�m, respectively. For
the convenience of subsequent comparative analysis of the syn-
chronization performance of the proposed algorithm, the abso-
lute value of the setting time difference of the DIW-PM motors
during the dynamic process is designated as the indicator for
evaluating synchronization performance, defined as the synchro-
nization time difference.

Based on the experiment results in Fig. 11, it is evident that
all three algorithms are capable of achieving the desired speed
tracking. During the initial phase, IDTC, FR-MVV modulation,
and VV-MVV modulation exhibit setting time differences of
0.18 s, 0 s, and 0.12 s, respectively. In comparison to IDTC, the

dual motor setting time differences of FR-MVVmodulation and
VV-MVV modulation have reduced by 100.0% and 33.3%,
respectively. Furthermore, FR-MVV modulation and VV-MVV
modulation have managed to decrease the torque ripple of
Motor-I by 25% and 12.5%, while have failed to effectively
reduce the torque ripple of motor-II.

During the acceleration condition, the setting time differences
of the FR-MVV modulation and VV-MVV modulation method
are 0.03 s and 0.08 s, which has a significant reduction of 97%
and 92% compared to the IDTC control. In addition, the
increased coupling degree of the DIW-PM motors in the
FR-MVV modulation method leads to a 16.7% increase in tor-
que ripple for motor-II, compared to the IDTC control. On the
other hand, the torque ripple for motor-I in the VV-MVVmodu-
lation is measured to be 4.8 N�m, which represents a decrease of
9.4% when compared to the FR-MVVmodulation method.

Hence, the experiments have substantiated the effectiveness
of the proposed MVVmethod in achieving accurate speed track-
ing. Moreover, it has demonstrated that the dynamic synchroni-
zation performance of the DIW-PM motors during the variable
speed phase is enhanced. The VV-MVV modulation method
effectively decreases the torque ripple compared to that of the
FR-MVVmodulation method, while the synchronization perfor-
mance is simultaneously improved, which also validates theoret-
ical analysis.

Besides, to evaluate the dynamic responsiveness of the pro-
posed control method including overshoot, setting time, electro-
magnetic torque ripple, and phase current fluctuations, the
comparison experiments of the DIW-PM motors are conducted
as shown in Fig. 12.

TABLE III
PARAMETERS OF THE EXPERIMENTAL SETUPS

Parameters
Value of
Motor-I

Value of
Motor-II

Parameters of
Load Motor

Value

Flux 0.049 Wb 0.052 Wb Rated voltage 380 V
Ld 1.253 mH 0.928 mH Rated power 5.5 kW
Lq 1.642 mH 0.928 mH Rated torque 35 N�m

Rated speed 900 r/min 900 r/min Rated speed 1500 r/min
Rated torque 68 N�m 70 N�m Rated current 13 A

Stator resistance 0.1129 X 0.1469 X Maximum speed 8000 r/min
Pole of pairs 25 17 Pole 4
Moment of

inertia
1.398
kg�m2 1 kg�m2 Rated frequency 51.5 Hz

Proportional 0.5 0.3 Ingress protection 55
Integral 1.5 1.2 / /

Fig. 11. Waveforms of variable speed experiment. (a) is IDTC, (b) is FR-
MVVmodulation, (c) is VV-MVVmodulation.

Fig. 12. Waveforms of the torque and current performances. (a) Wave-
form of IDTC. (b) Waveform of FR-MVV modulation. (c) Waveform of
VV-MVVmodulation.
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The experimental results show that the integrated direct tor-
que control with FR-MVV modulation and VV-MVV modula-
tion significantly reduce time difference when subjected to
sudden load increases. Specifically, the synchronization time
differences of the FR-MVV modulation and VV-MVV modula-
tion method are 0.6 s and 0.76 s, respectively, which represent a
substantial reduction of 76% and 70% compared to the IDTC
control. In addition, the phase current ripple of motor-I is
reduced by 16% and 40%, and the phase current ripple of
motor-II is reduced by 41% and 43%. The results provide evi-
dence for the efficient speed synchronization capabilities of the
integrated direct torque control, as well as its effectiveness in
resisting interference.

2) Steering Driving Condition: Furthermore, the Ackerman
front wheel steering model [27], [28] is adopted to simulated the
steering of DDEVs. The actual steering of the vehicle is simu-
lated, with a defined width of 1.9 m and a defined wheelbase of
2.7 m. Assuming that motor-I and motor-II are the left front
wheel and left rear wheel, respectively. Therefore, the simulat-
ing actual steering driving conditions are conducted as shown in
Fig. 13, where the turning angle is set to 30�. And during the left
turn phase, the left front wheel speed reduces to 59 r/min and
the left rear wheel speed drops to 48 r/min, while the left front
wheel speed climbed to 80 r/min and the left rear wheel speed
increased to 72 r/min when turning right.

It can be seen that the proposed MVV modulation strategy
can significantly reduce setting time and torque ripple under the
left turn operating conditions, while the proposed VV-MVV
modulation shows better performance, effectively reducing cur-
rent ripple to 45.4% of motor-I and 82.7% of motor-II. Further-
more, the traditional IDTC algorithm cannot effectively and
quickly track commands for the left front wheel under right
turn operation conditions, and the vehicle is prone to shaking.
However, the proposed MVV modulation strategy effectively
responds to instructions of upper layer controller, achieving
synchronous speed change of front and rear wheels. MVV
modulation and VV-MVV modulation effectively reduce syn-
chronization time difference by 96.5% and 82.1%, respectively.

Consequently, the proposed MVV modulation method quickly
responds to diverse commands from upper layer controller,
while ensuring vehicle stability and improving dynamic perfor-
mance of motors.

3) Comprehensive Performance Comparison: In conclusion,
by integrating Figs. 11–13, a comprehensive performance com-
parison diagram is shown in Fig. 14. Employing the average
synchronization time rs and the sum of average torque fluctua-
tion and current fluctuation d as evaluation principles, and it is
important to highlight that (1) corresponds to motor-I, while (2)
corresponds to motor-II.

It can be seen from the Fig. 14 that the MVV modulation
strategy enhances the cooperative functionality of the DIW-PM
motors in diverse complex operational scenarios. Furthermore,
it successfully mitigates current and torque ripples in the opera-
tion of the front and rear in-wheel motors, thereby enhancing
signal transmission stability, ensuring transmission efficiency,
and diminishing motor ripple. The robustness of the MVVmodu-
lation strategy also effectively shares the computational power of
the upper layer controller, improving vehicle handling stability.

Furthermore, compared with other advanced control techni-
ques, the Table IV shows that the method proposed in this article
effectively leads to a reduction in the quantity of motor control-
lers (MCs) under the same number of upper layer controllers
(UCs), consequently enhancing the redundancy of the vehicle
chassis. The synchronous performance of the multiple in-wheel
motors has improved by a range of 33% to 70%. The predeter-
mined trajectory of the vehicle under various operating conditions
has also been excellently tracked, and the proposed algorithm,
which responds quickly, further demonstrates good performance
in real-time implementation.

B. Steady State Performance Comparison

The bus voltage utilization rates of IDTC, FR-MVV modula-
tion, and VV-MVVmodulation are displayed in Table V. Partic-
ularly, the bus voltage utilization for motor-I of the FR-MVV
modulation and VV-MVV modulation methods are improved

Fig. 13. Waveforms of vehicle steering experiment. (a) IDTC control.
(b) FR-MVVmodulation. (c) VV-MVVmodulation.

Fig. 14. Comprehensive performance comparison.

TABLE IV
COMPREHENSIVE PERFORMANCE COMPARISON

Items
Controllers Synchronized

Performance
Tracking

Performance
Steering
DeviationUCs MCs

[29] / / 48.4–62.6% 51.3%
[30] 1 / / 74% 39.6%
[11] 1 4 / 67.2–84.6% 77%
[31] 1 2 47.6–48.1% 44.3% /

Proposed 1 2 33–70% 50% 60%
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by 21.5% and 30.8%, respectively, compared to the IDTC.
Equally, for motor-II, the bus voltage utilization rates of the
FR-MVV modulation and VV-MVV modulation methods have
improved by 7.8% and 47.1%, respectively. These findings
indicate that the MVV modulation contribute to an improved
utilization rate of busbar voltage, although the improvement
effect of FR-MVV modulation method is not obvious. Con-
versely, due to the amplitude of virtual vectors, the VV-MVV
modulation method proves to be highly effective in improving
bus voltage utilization.

Fig. 15 shows the THD of the phase-a current for different
strategies under the condition of the same speed. It can be seen
that the proposed algorithms can significantly decrease the
phase-a current THD, while VV-MVV modulation method
exhibits superior performance in reducing odd harmonic content
of current. Specifically, the current THD of FR-MVV

modulation and VV-MVV modulation decreased by 16.66% of
motor-I and 15.85% of motor-II, 12.24% of motor-I and 18.43%
of motor-II, respectively, compared to IDTC. Furthermore, the
3rd, 5th, and 7th harmonic content of the current have been
reduced to 1.49%, 5.74%, and 3.23%, respectively, through the
application of VV-MVV modulation. Although FR-MVV mod-
ulation sacrifices the odd harmonic content of the phase current
of front wheel motor to enhance synchronization performance,
considering the integrated concept proposed in the manuscript,
by summing the odd harmonic content of phase-a current of the
front and rear in-wheel motors as an evaluation system, it is evi-
dent that both FR-MVV and VV-MVV modulation effec-
tively decrease the total odd phase current harmonic
content.

V. CONCLUSION

In this article, a new integrated direct torque control strategy
with the multiple voltage vector modulation is proposed for the
DD EV system. A 1/2 DD system with DIW-PM motors is
selected as the case study to illustrate our proposed design
method. The integrated modulation principle is proposed, where
the frequency ratio of integrated modulation and virtual vector
integrated modulation are designed for the 1/2 DD system. The
dual in-wheel PM motor drive system is established and the
mathematic model is derived. The integrated direct torque
control strategy with MVV modulation is discussed in detail.
Compared to the traditional IDTC control, the experimental
results show the integrated direct torque control with both the
FR-MVV modulation and VV-MVV modulation can effec-
tively enhance the speed synchronization and speed distur-
bance resistance performance. Additionally, both FR-MVV
modulation and VV-MVV modulation are effective in signifi-
cantly decreasing current THD, while VV-MVV modulation
exhibits superior performance in reducing odd harmonic con-
tent of current, with the 3rd, 5th, and 7th harmonics reduced to
1.49%, 5.74%, and 3.23%, respectively. Meanwhile, the torque
ripple of the VV-MVV modulation is significantly reduced,
and the stability of the DD system is improved. The presented
study provides a new research path to realize high performance
control for the DD systems.
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