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To overcome the shortcomings and limited applications of the traditional in-wheel motor applied practically in electric vehicles, a
novel dual-rotor in-wheel motor (DRIWM) was proposed, which has three driving modes and can meet the operating re-
quirements of electric vehicle under different driving conditions. Based on the principle of minimum energy consumption, the
torque distribution strategy was presented to obtain the optimal torque distribution of the inner and outer motors under different
working points, and the driving modes were also divided. Using the models built inMatlab/Simulink, the operating characteristics
of the DRIWM under certain conditions were simulated. 'e results show that the id � 0 vector control strategy based on sliding
mode speed controller is applicable to the drive control for the DRIWM.When the vehicle is coupled to drive on three ramps with
the grade of 10%, 15%, and 20% at a constant speed, the power consumption of the driving system with the adoption of optimized
torque distribution strategy reduces by 2.2%, 1.7%, and 4.5%, respectively, compared with nonoptimized strategy. Furthermore,
the three driving modes can switch freely with the operating condition changes in the vehicle under a standard driving cycle.
Simultaneously, the inner and outer motors work with high efficiency.

1. Introduction

In recent years, with the promulgation and implementation
of a series of new energy vehicle policies, the electric vehicle
industry in some countries has achieved rapid development.
'e in-wheel motor driven electric vehicle has the unique
advantages of simple and compact structure, high-efficiency
transmission system, and independent control of driving
torque and braking torque. It represents an important di-
rection for the development of next-generation electric
vehicles, and its key technologies have become research
hotspots for automobile companies and scholars in uni-
versity at home and abroad, such as rotor arrangement [1],
acoustic noise analysis [2] and vibration absorption design
[3] of in-wheel motor, variable voltage charging control
scheme for the battery [4], and accurate estimation of vehicle
dynamic parameters [5–7]. However, for the existing two
types of in-wheel motor, both the inner-rotor deceleration

driving and the outer-rotor direct driving motor have some
shortcomings in practical applications, which cannot always
achieve high system efficiency under all driving conditions.
'eir applications are also limited; the outer-rotor direct
driving in-wheel motor is mainly used for light load occa-
sions, such as flat road and riding instead of walk, while the
inner-rotor deceleration driving in-wheel motor is mainly
used for large overload capacity occasions, such as hills or
mountains and tourism.

As a new electrical power coupling device applied in
hybrid electric vehicles, the dual-rotor motor (DRM) was
proposed more than ten years ago [8], which is also called as
four-quadrant transducer (4QT) [9] or dual-mechanical
port (DMP) motor [10]. Some scholars have presented three
main structure schemes, such as induction type [8], rotor
arranged with permanent magnet [9–13], and stator
arranged with permanent magnet [14–16].'eDRMhas two
electrical ports and two mechanical ports, and the electrical
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and mechanical energy can flow freely among four ports. It
can achieve power splitting. 'erefore, the DRM is regarded
as a potential alternative of planetary gear power coupling
mechanism like Prius THS. However, there are also some
problems, such as the cooling of inner-rotor windings is
difficult to solve, and the dynamic balance of the inner and
outer rotors is easy to be broken, which brings vibration and
noise.

It is a meaningful study to apply DRM to in-wheel
motor-driven electric vehicles. At present, there are few
research reports on dual-rotor in-wheel motor, and only a
few invention patents have been applied for [17–20].'ere is
only one driving mode in the structural schemes proposed
by these patents; that is, the vehicle is drove alone by inner or
outer motor, which cannot meet the requirements of the
vehicle driving condition changes. 'e structural design and
control strategy of the DRIWM have not been investigated
yet. 'e reasons probably include the following: first, the
structure of the DRM is complicated, and it is difficult to
install in the limited space of the wheel; second, the increase
in unsprung mass affects the ride comfort and handling
stability of the vehicle.

Considering the above problems, this paper proposes a
new integrated structure for electric wheel based on the
DRM. Both mechanical ports of the DRM are used as power
output sides. 'en, the mechanical power is transmitted to
the wheels through a planetary gear mechanism. Because the
energy of two electrical ports can be independently con-
trolled, it can realize multiple driving modes such as single
drive and coupling drive for the inner and outer motors,
which expand the application of the existing in-wheel
motor-driven electric vehicle. In addition, when the vehicle
is coupled to drive, it is a key problem to distribute the
driving torques of the inner and outer motors. 'erefore, a
torque distribution strategy based on the principle of
minimum energy consumption is presented.

'is paper is organized as follows: Section 2 introduces
the structure and multiple driving modes of the DRIWM;
the mathematical models and driving control strategies of
the DRIWMare analyzed in Section 3; based on the principle
of minimum energy consumption, the torque distribution
strategy under the coupling drive condition and driving
modes division are investigated in Section 4; Section 5 il-
lustrates the validity of the proposed strategies for the
DRIWM by simulation. 'e conclusion and future research
are presented in the final section.

2. Structure and Multiple Driving Modes of
the DRIWM

2.1. Integrated Structure. Figure 1 shows the integrated
structure of the DRIWM, which consists of the DRM body,
clutch I, clutch II, planetary gear mechanism, electromag-
netic braking and friction braking system, power supply, and
control system.'eDRMbody includes three parts: an outer
rotor, an inner rotor, and a middle stator. Both the per-
manent magnets and the armature windings are arranged in
the inner and outer layers of the middle stator. 'ere are no
windings and permanent magnets in the inner and outer

rotors, which have a simple structure. 'e inner rotor and
the inner-layer permanent magnets and armature windings
of the middle stator form the inner motor. Similarly, the
outer rotor and the outer-layer permanent magnets and
armature windings of the middle stator form the outer
motor. In addition, a magnetic barrier is arranged between
the inner and outer layer permanent magnets to reduce the
magnetic field coupling between the inner and outer motors.
'e cross section of the DRM body is shown in Figure 2. 'e
ring gear of the planetary gear mechanism is fixed to the
inside of motor casing. 'e sun gear is connected to the
inner rotor through the clutch II, and the planet carrier is
connected to the outer rotor through the clutch I. 'e
powers of the inner and outer motors are output by the
planet carrier.

It can be seen that the DRIWM belongs to stator
arranged with permanent magnet motor, which can be
regarded as the combination of two conventional flux-
switching motors in radial space. Due to the unique
structure design, the inner and outer rotors of the DRIWM
can rotate independently. Besides, the DRIWM utilizes
different pole-pairs for the inner and outer motors to meet
the power requirements under various driving conditions. In
this paper, the pole/slot combinations of the inner and outer
motors are adopted as 10/12 and 22/12, respectively.

2.2. Analyses of Multiple Driving Modes. By controlling the
engaging and disengaging of the clutch I and clutch II as
shown in Table 1, the DRIWM can realize three driving
modes: single inner motor drive (SIM), single outer motor
drive (SOM), and dual-motor torque coupling drive (TC).
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Figure 1: Integrated structure of the DRIWM. 1, DRM body; 2,
clutch I; 3, clutch II; 4, planetary gear mechanism; 5, electro-
magnetic braking and friction braking system; 6, power supply and
control system; 1–1, outer rotor; 1–2, middle stator; 1–3, inner
rotor; 1–4, inner-layer permanent magnets; 1–5, inner-layer ar-
mature windings; 1–6, outer-layer armature windings; 1–7, outer-
layer permanent magnets.
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2.2.1. Single Inner Motor Drive. When the clutch I is dis-
engaged and the clutch II is engaged, the DRIWM will work
in the SIM mode, and the vehicle is drove alone by the inner
motor.'e power flow is shown in Figure 3. In this mode, the
inner motor works as a deceleration driving in-wheel motor,
which is mainly used in general torque requirements such as
vehicle starting and low speed driving. 'e speed and torque
transmission relationships can be expressed as follows:

nopi �
1

1 + p
ni,

Topi � − (1 + p)Tei,

(1)

where ni is the speed of the inner-rotor shaft, nopi is the
output speed of the system corresponding to the inner
motor, Tei is the electromagnetic torque of the inner motor,
Topi is the output torque of the system corresponding to the
inner motor, and p is the characteristic parameter of the
planetary gear mechanism.

2.2.2. Single Outer Motor Drive. When the clutch II is
disengaged and the clutch I is engaged, the DRIWMwill work
in the SOMmode, and the vehicle is drove alone by the outer
motor.'e power flow is shown in Figure 4. In this mode, the
outer motor works as a direct driving in-wheel motor, which
mainly runs at a high speed. 'e speed and torque trans-
mission relationships can be expressed as follows:

nopo � no,

Topo � − Teo,
(2)

where no is the speed of the outer-rotor shaft, nopo is the
output speed of the system corresponding to the outer
motor, Teo is the electromagnetic torque of the outer motor,

and Topo is the output torque of the system corresponding to
the outer motor.

2.2.3. Dual-Motor Torque Coupling Drive. When both the
clutch II and the clutch I are engaged, the DRIWMwill work
in the TCmode. It is mainly used in high torque requirements
such as vehicle climbing or acceleration at a low speed.
Figure 5 shows the power flow. In this mode, the planet
carrier is used to couple the torques of two motors. Note that
when the vehicle speed changes, the ratio of the speeds of the
inner and outer motors should always be proportional; that is,
it must satisfy equation (3). 'e speed and torque trans-
mission relationships can be expressed as follows:

nop � no �
1

1 + p
ni,

Top � − Teo − (1 + p)Tei,

(3)
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Figure 2: Cross-sectional diagram of the DRM body.

Table 1: Driving modes of the DRIWM.

Mode Inner motor Outer motor Clutch I Clutch II
SIM ● ○ ○ ●
SOM ○ ● ● ○
TC ● ● ● ●
Note. “●” indicates that the motor is on or the clutch is engaged; “○”
indicates that the motor is off or the clutch is disengaged.
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Figure 3: Power flow in the SIM mode.
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Figure 4: Power flow in the SOM mode.
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where nop is the output speed of the system and Top is the
total output torque of the system.

3. Mathematical Model and Driving Control
Strategy for the DRIWM

3.1. Mathematical Model. According to the previous elec-
tromagnetic performance analyses of the DRIWM, it is found
that the no-load back-EMF and permanent magnet flux of the
inner and outer motors exhibit good sinusoidal character-
istics, and the degree of electromagnetic coupling between the
two motors is small. 'erefore, the electromagnetic coupling
can be ignored when the mathematical model of the DRIWM
is built. In the rotating coordinate system, the stator voltage
equation of the inner motor can be expressed as follows:

udi � Rsiidi +
dψdi

dt
− ωeiψqi,

uqi � Rsiiqi +
dψqi

dt
+ ωeiψdi,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(4)

where udi, uqi, ψdi, ψqi, idi, and iqi are the d-axis and q-axis
components of the voltage, flux, and current of the inner
stator; Rsi is the resistance of the inner stator windings; and
ωei is the electrical angular velocity of the inner rotor.

'e expression of the inner stator flux is

ψdi � Ldiidi + ψfi,

ψqi � Lqiiqi,

⎧⎨

⎩ (5)

where Ldi and Lqi are the d-axis and q-axis equivalent in-
ductances of the inner stator and ψfi is the flux linkage of the
inner permanent magnet.

'e electromagnetic torque equation can be written as

Tei �
3
2
Pri Ldi − Lqi iqi + ψfiiqi , (6)

where Tei is the electromagnetic torque of the inner motor
and Pri is the pole number of the inner rotor. For flux-

switching motors, the average inductance values of the d-
axis and q-axis are close to equal, so it can be considered that
the reluctance torque is zero, and the electromagnetic torque
of the inner motor is mainly composed of the permanent
magnet torque.

'e mechanical motion equation of the inner motor is

Ji

dωmi

dt
� Tei − TLi − Biωmi, (7)

where Ji is the moment of inertia of the inner rotor and its
mechanical load, ωmi is the mechanical angular velocity of the
inner rotor, TLi is the load torque acting on the inner-rotor
shaft, and Bi is the damping coefficient of the inner motor.

Similarly, the mathematical model of the outer motor
can be written in the same way as the inner motor. Note that
when the DRIWM works in the TC mode, the inner and
outer motors are still controlled separately after they have
obtained the optimal distributed torque. 'erefore, in this
mode, the other mathematical equations of the DRIWM are
the same as those of the inner and outer motors in the single-
motor drive mode except that the total electromagnetic
torque equation can be written as

Teall � Tei + Teo, (8)

where Teo is the electromagnetic torque of the outer motor
and Teall is the total electromagnetic torque of the DRIWM
in the TC mode.

3.2. Driving Control Strategy. Because the no-load back-EMF
of the inner and outer motors is sinusoidal and the inductances
of the d-axis and q-axis are almost equal, the method of id� 0
vector control can be used for the driving control of the
DRIWM. For the dual-rotor motor installed in the wheel of
electric vehicle in this paper, the working environment is rel-
atively harsh, and the control system is easily affected by external
disturbances.'erefore, in order to improve the dynamic quality
of the speed control system, a sliding mode controller is used to
control the speeds of the inner and outer motors.

'e sliding mode variable structure control system can
change with time, which makes the current state of the
system follow the preset “sliding mode” state trajectory [21].
In the exponential approach law expression, an excessively
constant velocity approach term coefficient will bring high-
frequency chattering to the system due to the effect of
symbolic function. 'erefore, an improved exponential
approach law is used as follows:

_s � − εf(s)sign(s) − ks,

f(s) �
1

(1 − δ)e
− a|s|b

+ δ
,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

a> 0, b> 0, b ∈ N, 0< δ < 1.

(9)

According to equation (9), when the value of |s| is large,
f(s) ≈ 1/δ, and εf(s) is greater than ε; when the value of |s|
decreases gradually, the value of f (s) approaches 1, and
εf(s) ≈ ε. It can be seen that when the system state is far away
from the sliding mode surface, the approaching speed is fast
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Figure 5: Power flow in the TC mode.
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and decreases gradually with εf(s). As the system state
approaches the sliding mode, the approaching speed becomes
very small, which achieves a smooth transition with the
sliding mode surface and weakens the chattering phenom-
enon. It is indicated that the new exponential term improves
the adaptive adjustment ability of the original approach law.

Assume that the speed error of the inner motor is

ei � nrefi − ni, (10)

where nrefi is the reference speed of the inner motor, which is
constant. 'e first derivative of equation (10) can be ob-
tained as follows:

_ei � − _ni. (11)

'e first-order slidingmode surface function is selected as

s � cei + _ei. (12)

Taking the derivative of equation (12) and combining
equations (4), (7), and (9), the expression of the sliding mode
controller of the inner motor is obtained:

_iqi �
2Ji

3Priψfi
c _ei + εf(s)sign(s) + ks . (13)

According to Lyapunov’s stability principle, the function
V � s2/2 is selected. From the sliding mode arrival condition
with _V � s _s< 0, it is easy to verify that the system is pro-
gressively stable under the action of the controller.

Similarly, the design of the sliding mode speed controller
for the outer motor is the same as that of the inner motor.

4. Torque Distribution Strategy and Driving
Modes Division

'e inner and outer motors of the DRIWM have different
torques and efficiency characteristics. In order to achieve the
minimum energy consumption when the vehicle runs in the TC
mode, a torque distribution strategy that canmake full use of the
high-efficiency areas of the inner and outer motors is needed.

4.1. Energy Consumption Model of the Driving System.
'e goal of optimal energy control is to meet the traction
requirements of the vehicle with minimal total motor energy
consumption at different vehicle speeds [22, 23]. When the
vehicle is under heavy load conditions such as climbing or
acceleration at a low speed, the driving torque will be shared
by the inner and outer motors. So the output torque dis-
tribution of two motors determines the total energy con-
sumption of the driving system. 'e optimization of the
driving system energy consumption can be expressed as

μ∗ � argmin Pall(  � argmin Pi + Po( , (14)

where μ∗ is the optimal power distribution command, Pall is
the total instantaneous power of the system, and Pi and Po
are the instantaneous power of the inner and outer motors,
respectively.

'e DRIWM will be equipped in a four-wheel drive
electric vehicle. To simplify the model, it is assumed that the

axle load distribution of the front and rear axles is the same,
and the demand power is evenly distributed to four in-wheel
motors. For the inner and outer motors, the instantaneous
power consumption can be expressed as follows:

Pi � Pi ni, Tei(  �
niTei

η ni, Tei( 
,

Po � Po no, Teo(  �
noTeo

ηo no, Teo( 
,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(15)

where ηi (ni,Tei) and ηo (no, Teo) are the efficiency of the inner
and outer motors at a certain speed-torque working point,
respectively. 'e efficiency characteristics of the inner and
outer motors obtained in previous studies are shown in
Figures 6(a) and 6(b).

4.2. Torque Distribution Strategy Based on the Minimum
EnergyConsumption. For the sake of calculation, it is assumed
that the wheels roll purely. According to equations (1), (2), and
(15), the curves represented by the motor speed and electro-
magnetic torque in the efficiency diagrams of the inner and
outer motors are converted into the relationship curve between
the longitudinal speed of the vehicle and output torque:

nopi �
1

1 + p
ni ≈

vi

rd
,

nopo � no ≈
vo

rd
,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(16)

where rd is the wheel radius, vi is the vehicle speed corre-
sponding to the inner motor speed, and vo is the vehicle
speed corresponding to the outer motor speed.

We use α and (1 − α) to denote the torque distribution
ratio of the inner and outer motors, respectively. Based on
the efficiency diagrams, it can be obtained:

Top � Topi + Topo,

Topi � αTop,

Topo � (1 − α)Top.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(17)

'us, the total instantaneous power consumption of the
driving system can be expressed as

Pall � Pi + Po �
niTei

ηi ni, Tei( 
+

noTeo

ηo no, Teo( 

�
vTopi

ηi v, Topi  · rd

+
vTopo

ηo v, Topo  · rd

�
vTop

rd

α
ηi v, Topi 

+
1 − α

ηo v, Topo 
⎡⎢⎣ ⎤⎥⎦

� Pall v, Top, α ,

0≤ v≤ vimax,

Top >Tαmax vi( ,

⎧⎪⎨

⎪⎩

(18)
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where vimax is the vehicle speed corresponding to the
maximum speed of inner motor and Tαmax is the demand
torque corresponding to the optimal torque distribution
ratio at different working points.

As can be seen from equation (18), Pall is determined by
the total output torque, vehicle speed, and torque distribution
ratio. 'erefore, the system energy consumption when the
vehicle runs in the TCmode can be optimized by selecting an
appropriate α at each working point (Top, v), namely,

α∗ � argmin Pall v, Top, α 
 0≤ α≤ 100% , (19)

where α∗ is the optimal torque distribution ratio of the inner
motor.

By solving the above optimization problem, the optimal
torque distribution ratios of the inner motor under the
conditions of different vehicle speeds and demand torques
were obtained, as shown in Figure 7. It can be seen that when
the total demand torque of the vehicle is small, the pro-
portion of torque allocated to the inner motor is large.'is is
mainly because the planetary gear mechanism has the
characteristics of deceleration and increasing torque, and the
inner motor has a wide high-efficiency area at low vehicle
speeds, while the outer motor is less efficient. When the total
demand torque increases, the proportion of the torque al-
located to the inner motor decreases gradually. It is mainly
because the maximum torque that the inner motor can
output is limited, and the outer motor should share more
demand torque. In addition, the efficiency of the inner and
outer motors with a high level is considered simultaneously.

4.3. Driving Modes Division. To make full use of the high-
efficiency areas of the inner and outer motors and expand
the efficient operating conditions of the vehicle, the driving
modes of the DRIWM are divided according to the calcu-
lation results of the optimal torque distribution, as shown in
Figure 8:

(1) When the vehicle speed satisfies 0< v≤ 5km/h, if the
demand torque allocated to each wheel satisfies
0<Treq≤ 160N ·m, the inner motor works alone, and if

Treq>160N ·m, the inner and outer motors work
together.

(2) When the vehicle speed satisfies 5 km/h< v≤ 28 km/h,
if the demand torque allocated to each wheel satisfies
0<Treq≤ 55N ·m, the innermotor works alone, and if
Treq> 55N ·m, the inner and outer motors work
together.

(3) When the vehicle speed satisfies 28 km/
h< v≤ 35 km/h, if the demand torque allocated to
each wheel satisfies 0<Treq≤ 3.57v − 44.95, the inner
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Figure 6: Diagrams of efficiency characteristics: (a) inner motor; (b) outer motor.
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motor works alone, and if Treq> 3.57v − 44.95, the
inner and outer motors work together.

(4) When the vehicle speed satisfies 35 km/
h< v≤ 54 km/h, if the demand torque allocated to
each wheel satisfies 0<Treq≤ 80N ·m, the inner
motor works alone, and if Treq> 80N ·m, the inner
and outer motors work together.

(5) When the vehicle speed satisfies 54 km/
h< v≤ 60 km/h, if the demand torque allocated to
each wheel satisfies 0<Treq≤ − 2v+ 188, the inner
motor works alone, and if Treq> − 2v+ 188, the inner
and outer motors work together.

(6) When the vehicle speed satisfies v> 60 km/h, the
outer motor works alone.

5. Simulation Results and Discussion

Based on the mathematical model of the DRIWM men-
tioned above, the simulation models are built in Matlab/
Simulink. 'e driving control strategies under the operating
modes of single-motor drive and dual-motor coupling drive
were analyzed, respectively. 'e basic parameters of the
DRIWM are shown in Table 2.

5.1. Characteristic Analyses of the Inner and Outer Motors in
Single-Motor Drive Mode. With the adoption of the id � 0
vector control strategy based on a sliding mode speed
controller, the operating characteristics of the inner and
outer motors under the conditions of constant load and
variable speed were simulated, respectively, as shown in
Figures 9(a) and 9(b). 'ey are composed of three stages:
starting with load, deceleration, and acceleration. It can be
seen that both the inner and the outer motors can achieve
starting under the constant load, and the speed can quickly
stabilize. With the abrupt change in speed, a sharp wave
appears in the torque curve, which can also quickly stabilize.
'e specific characteristics are as follows: the torque has a
negative sudden change with the abrupt drop of speed, while
it has a positive sudden change with the abrupt rise of speed.
'e reason is that when the given speed nref decreases, the
deviation between nref and the actual speed n is less than
zero. Under the action of the current PI regulator, the given
value of the q-axis current decreases, and the electromag-
netic torque Te also decreases, and then, themotor speed falls
to nref. When nref increases, it is opposite to the above
change. As a result, both the inner and the outer motors
show a faster speed response during the starting with load
and operating with constant load and variable speed, which
lays a certain foundation for satisfying the driving conditions
of electric vehicles, such as starting and frequent acceleration
and deceleration.

5.2. Characteristic Analysis of the Inner and Outer Motors in
Coupling DriveMode. Assume that the vehicle is driving on
three kinds of slopes with gradients of 10%, 15%, and 20% at
a speed of 20 km/h. Based on the torque distribution strategy
with a minimum energy consumption, the simulation curves

of the driving torques of the inner and outer motors in the
coupling drive mode are shown as Figure 10(a). It can be
seen that when the total demand torque of the wheel
changes, the inner and outer motors share the corre-
sponding optimal torque distribution, respectively, which
tracks well the changes in the load torque. As seen from
Figure 10(b), there are sharp waves in the speed curves of the
inner and outer motors at the sudden changes in load torque.
When the load torque increases, the speed has a negative
sharp wave; otherwise, it is opposite. 'ese reflect the re-
sponse of the electromagnetic torques of the inner and outer
motors to the change in the load torque under the closed-
loop speed control. When the load torque TL decreases, the
electromagnetic torque of the motor Te>TL, and the actual
speed n will suddenly increase so that the deviation between
the given speed nref and n is less than zero. 'en, the given
value of the q-axis current decreases, and Te also decreases
until it is in equilibriumwith TL to maintain a constant speed
n. When TL increases, it is opposite to the above change.

To illustrate the validity of the proposed torque distri-
bution strategy based on the minimum energy consumption
principle, it was compared with a strategy that does not use
an optimized torque distribution (the torques of the inner
and outer motors are equally distributed). Aiming at the
driving conditions of the vehicle on the above three types of
slopes, the power consumption of the driving system under
the two strategies was calculated by equation (18), as shown
in Table 3. It can be seen that, without considering the
regenerative braking energy recovery, the power con-
sumption of the driving system with the optimized torque
distribution strategy is less than those with the non-
optimized torque distribution strategy. Besides, when the
demand torque increases, the torque borne by the inner
motor decreases gradually and the outer motor shares more
torque, which is consistent with the analysis in Section 4.2.

5.3. Performance Analysis of the DRIWM under the Standard
Driving Cycle. In order to further study the continuous
driving characteristics of the DRIWM and the feasibility of
its application in electric vehicles, a multimode drive sim-
ulation platform is built based on the forward simulation
process in this section, as shown in Figure 11. 'e entire
model mainly includes driving cycle module, driver model,
demand torque calculation module, driving mode recog-
nition and selection module, torque distribution module,
driving control models of the inner and outer motors, and
whole vehicle model. Each module is modeled in Matlab/
Simulink. 'e basic parameters and performance indicators
of the simulated vehicle are shown in Table 4.

It is assumed that the SOC value of the power battery is
sufficient to meet the power requirements of the vehicle, and
the change in this value is ignored. At the same time, it is
considered that the switching process of the three driving
modes is ideal; that is, the switching time is zero by default,
and the switching process is smooth. To verify the efficiency
characteristics of the DRIWMwhen the vehicle is running at
low speed and high speed, the performance simulation was
performed under a standard new European driving cycle
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(NEDC). Figure 12 shows the tracking change in the target
vehicle speed. It is found that the actual vehicle speed can
follow the target vehicle speed well during the entire

operating process, which indicates that the proposed
strategies can meet the requirements of vehicle dynamic
performance.

Table 2: Basic parameters of the DRIWM.

Component Item Value

Inner motor
Rated/peak power (kW) 1.25/6.5

Rated/maximum speed (rpm) 1600/2500
Rated/maximum torque (N·m) 7.5/40

Outer motor
Rated/peak power (kW) 4/7.5

Rated/maximum speed (rpm) 900/1300
Rated/maximum torque (N·m) 40/75
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Figure 9: Operating characteristics in the single-motor drive mode: (a) inner motor; (b) outer motor.
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Figure 10: Operating characteristics in the dual-motor coupling drive mode: (a) torque; (b) speed.

Table 3: Power consumption comparison of the DRIWM under two strategies.

Climbing
gradient (%)

Demand
torque (N ·m)

Nonoptimized torque distribution Optimal torque distribution
Power consumption

reduction (%)
Torque borne by
inner/outer motor

(N ·m)

Power
consumption

(kW)

Torque borne by
inner/outer motor

(N ·m)

Power
consumption

(kW)
10 116 23.2/23.2 2.74 24.7/17.4 2.68 2.2
15 165 33/33 4.11 32.2/36.3 4.04 1.7
20 213 40/53 5.76 38.9/57.5 5.50 4.5
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'e change curve of the demand driving torque of the
vehicle with time is shown in Figure 13. It can be clearly seen
that, at low and medium speeds, the vehicle requires more
torque when it accelerates. While the single inner motor
cannot meet the operating requirement of the vehicle, the
outer motor will participate in the drive of the vehicle.

Under the conditions of different vehicle speeds and
demand torques when the vehicle runs, the DRIWM should
automatically match different working modes based on the
rule of drivingmodes division.'us, it ensures that the inner
and outer motor work at a higher efficiency to reduce energy
consumption, while the power requirement is satisfied.

Figure 14 shows the switching change in the driving
modes of the DRIWM with time. “0” indicates the parking
state, and “1–3” indicates three modes of single inner motor
drive, dual-motor torque coupling drive, and single outer

motor drive, respectively. It can be seen that, based on the
rule of driving mode division, the three driving modes of the
DRIWM can switch freely when the operating conditions of
the vehicle changes. When the vehicle speed is less than or
equal to 60 km/h, the inner and outer motors work together
during the acceleration, and the inner motor works alone
while the vehicle is driving at a constant speed. When the
vehicle speed is greater than 60 km/h, the outer motor works
alone. Figures 15 and 16 show the changes in the working
speed and torque of the inner and outer motors with time,
respectively. As can be seen, the two motors share the
corresponding optimal distributed torque in the TC mode,
respectively, and the speed of the inner motor is 4 times as
much as that of the outer motor.

'e distributions of the working points of the inner and
outer motors under the NEDC condition are shown in
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Figure 11: Forward simulation model of electric vehicle equipped with the DRIWM.

Table 4: Basic parameters and performance indicators of the vehicle.

Item Description Value

Basic parameters

Fully loaded mass (kg) 1440
Windward area (m2) 1.913

Drag coefficient 0.33
Tire rolling radius (m) 0.277

Rolling resistance coefficient 0.015

Performance indicators

Maximum speed (km/h) 120
Acceleration time of 0–50 km/h (s) 8
Acceleration time of 50–80 km/h (s) 10

Maximum climbing gradient of 15 km/h (%) 20
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Figure 12: Tracking change in the target vehicle speed.
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Figures 17(a) and 17(b), respectively. It can be seen that the
working points of the inner and outer motors are mostly
distributed in a high-efficiency area, regardless of whether
they work alone or together.

From the above analyses, the conclusions can be drawn
that the rule of driving mode division designed for the
DRIWM is reasonable, and the proposed torque distribution
strategy based on the minimum energy consumption
principle when the vehicle runs in the TC mode is effective.

6. Conclusions

In this paper, a new electric wheel-integrated structure based
on a dual-rotor motor was proposed, which has the ad-
vantages of the inner-rotor deceleration driving and outer-
rotor direct driving in-wheel motor. It can realize three
driving modes, such as single inner motor drive, single outer
motor drive, and dual-motor torque coupling drive, which
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Figure 14: Driving mode switching changes in the DRIWM.
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Figure 17: Working point distributions of the DRIWM under
NEDC condition: (a) inner motor; (b) outer motor.
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can meet the operating requirements of electric vehicle
under different driving conditions. Based on the principle of
minimum energy consumption, the torque distribution
strategy was presented to obtain the optimal torque dis-
tribution ratio of the inner and outer motors at different
working points in the TC mode, and the driving modes
division was also designed. 'e simulation results show that
the id � 0 vector control strategy based on sliding mode
speed controller is applicable to the drive control for the
DRIWM. When the vehicle is coupled to drive on three
ramps with a grade of 10%, 15%, and 20% at a speed of
20 km/h, the power consumption of the driving system with
the adoption of optimized torque distribution strategy re-
duces by 2.2%, 1.7%, and 4.5%, respectively, compared with
nonoptimized strategy. Furthermore, the continuous driving
characteristics of the DRIWM were analyzed under the
standard NEDC condition.'e results indicate that the three
driving modes can switch freely when the operating con-
ditions of the vehicle changes. Simultaneously, the working
points of both the inner and the outer motor are distributed
in a high-efficiency area. In summary, these results dem-
onstrate the DRIWM is applicable to electric vehicles, and it
can expand the application range of electric vehicle equipped
with traditional in-wheel motor.

In the future, the problem of power interruption during
the mode switching will be investigated to ensure driving
comfort of the vehicle.'e operating performance test of the
prototype will also be conducted.
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