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Abstract: Four-wheel-drive electric vehicles with multiple motors have several advantages such as
energy saving, environmental protection, and excellent dynamics performance. Therefore, they have
become an important development trend in the field of electric vehicles in the past few years. To
deal with the problems of the economy and dynamics optimization of an electric vehicle with dual
motors on the front axle and a single motor on the rear axle, a multi-mode drive optimization control
strategy based on the hierarchical control architecture is proposed in this paper. In the strategy,
the reference torque distribution strategy of the front and rear motors is obtained by optimizing
the instantaneous energy consumption power in the economy module, and a torque compensation
strategy is formulated based on the fuzzy control in the dynamics module to improve the vehicle
dynamics in high dynamics demand conditions. Finally, the closed-loop cycle test and the driver-in-
the-loop test are carried out to verify the performance of the strategy proposed in this paper, and
the results show that energy consumption is reduced by 6.45% in the World Harmonized Light-
duty Vehicles Test Cycle (WLTC), and that vehicles accelerate more quickly in variable acceleration
conditions under the proposed strategy.

Keywords: four-wheel-drive electric vehicles with multiple motors; instantaneous energy consumption
power; torque compensation; driving optimization control

1. Introduction

As global energy and environmental crises are aggravated by the fact that tradi-
tional vehicles consume large amounts of fossil fuels, electric vehicles have been rapidly
developed worldwide [1,2]. In particular, due to the easily extensible structure, easy-to-
implement layout, and precise control of the motor, four-wheel-drive electric vehicles with
multiple motors composed of two or more motors have notable advantages in vehicle
dynamics, economy, and reliability compared with traditional fuel vehicles [3,4]. Hence,
they are widely used by many classic electric vehicles such as Tesla Model S and BYD
Han, and have also become an important development trend in electric vehicles [5]. How-
ever, multi-motor electric vehicles have many problems, such as driving force distribution,
multi-motor control, etc., which affect the energy consumption, vehicle dynamics, and
vehicle stability [6,7]. Consequently, the drive control strategy is important in improving
the performance of multi-motor electric vehicles.

The main advantage of multi-motor electric vehicles is that they can improve the
vehicle dynamics performance and drive system efficiency by optimizing the distribution
of driving force [8]. Currently, the research methods on drive control optimization of
multi-motor driven electric vehicles can be roughly divided into two categories:

o  The first category of research methods is based on physical models of the drive system.
For example, Li Liang established the efficiency loss model of the in-wheel motor under
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consideration of the iron loss, then obtained the optimized motor torque distribution
by identifying the parameters of the motor online based on the MAR theory, thereby
improving the energy utilization efficiency of the vehicle [9]. Yuan Xi-bo studied the
torque distribution of the front and rear motors at different vehicle velocities based
on the loss model of the dual-motor drive system and verified the performance of the
control strategy through the motor test bench [10]. These types of methods mainly
optimize the torque distribution of the drive system by the system loss model based
on the physical characteristics of the motor and controller, so they can obtain accurate
and reliable optimization results because the characteristics of the drive system are
accurately described. However, due to the complex structure of the physical model
and a large amount of calculation, the real-time performance of this research method
is poor.

e  The second category is based on the efficiency map of the drive system. For instance,
Pennycott Andrew optimized the steady-state and transient energy consumption of a
dual-motor 4WD electric vehicle based on the motor efficiency loss map [11]. Yang
Yee-Pien used the particle swarm algorithm to optimize the efficiency map of the
driving motor of a 4WD electric vehicle, then established a real-time optimization
allocation strategy of the driving torque, thereby effectively reducing the motor energy
loss [12]. Wang Jun-min took the minimization of the weighted sum of the vehicle
speed error and the power consumption of the actuators as the objective function, and
globally optimized the torque distribution of the four wheels to reduce the power loss
of the system for a 4WD electric vehicle [13]. Yu Zhuo-ping adopted the efficiency
maximization method to optimize the torque distribution coefficient matrix of the
4WD electric vehicle, and the overall energy efficiency of the vehicle was improved
by about 3% due to the reduction in the in-wheel motor heat generation and the
increase in feedback braking energy recovery [14]. The methods of the second category
mainly use the efficiency map of the motor or the drive system to optimize the torque
distribution of the drive system. They have some advantages such as fast calculation
speed and good real-time performance, which are easy to deploy in the real vehicle
controller. However, since the motor efficiency map depends on the test calibration,
the quality of the calibration data will have a significant impact on the control strategy.

Vehicle drive control involves many factors, such as vehicle operating state and the
driver’s driving intention [15]; as a consequence, researchers have studied the optimization
of drive control strategy with comprehensive consideration of these factors. Qin Da-
tong corrected the driving torque under high power demand conditions such as vehicle
acceleration by using fuzzy recognition of driving intentions, and eventually improved
the vehicle dynamics [16]. According to the accelerator pedal displacement and motor
speed, Wang Jia proposed a fuzzy control strategy of the motor torque for three driving
modes, thereby optimizing the vehicle performance [17]. Furthermore, in terms of driving,
the multi-motor electric vehicle has the additional degrees of freedom in torque vectoring
for stable vehicle maneuverability and better fault tolerance; hence, this vehicle has been
increasingly studied and commercially applied in recent years. Yi-Hsiang Tseng proposed a
torque and battery distribution strategy to save energy and obtained a better travel distance
and higher energy consumption efficiency [18]. Giovanni De Filippis analyzed the potential
energy efficiency benefits from the understeer characteristics and wheel torque control
allocation through experiments, and proposed a Control Allocation strategy to achieve
an energy-efficient wheel torque distribution generating the reference yaw moment and
wheel torque [19]. Ziyou Song proposed a general method called “equivalent loss strategy”
to maximize the drivetrain efficiency for EVs with multi-PMSMs, and used a dynamic
programming approach to minimize acceleration duration and energy consumption [20].

For four-wheel-drive electric vehicles with multiple motors, there are usually
three drive modes: the front motor individually driving mode, the rear motor individ-
ually driving mode, and all motors simultaneously driving mode. However, as the front
or rear motor individually driving mode can meet the total driving power requirements
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under certain driving conditions, it is able to reduce the power loss of the drive system
due to the reduction in the working motor numbers, and at the same time improve the
efficiency and economy of the electric drive system [21]. As a result, the method to find the
optimal driving mode is the primary problem to solve for the drive optimization control
of multi-motor-driven electric vehicles. In addition, as for the all motors simultaneously
driving mode, due to the instantaneous changes in the vehicle states such as load, vehicle
velocity, axle-to-load ratio, and so on, the required driving torque of the vehicle and the
wheel adhesion will also change, and eventually, the torque distribution ratio between
the front and the rear motor will affect the vehicle dynamics and the efficiency of the
drive system. Hence, how to optimize the torque distribution ratio of the front and rear
axle motors is also a significant research direction for the drive control of multi-motor
electric vehicles.

Since four-wheel-drive electric vehicles are usually used in urban settings, the dynam-
ics requirements are not particularly high most of the time. On the contrary, given the
limited mileage and the long charging time caused by the bottleneck of battery technology,
the optimization of economy performance has been becoming an important concern of
drive control for four-wheel-drive electric vehicles in recent years. However, many investi-
gations still put vehicle dynamics as the primary optimization task, like conventional fuel
4WD vehicles, which lack adequate attention to economy optimization and are not exactly
suitable for four-wheel-drive electric vehicles. In view of the above problems, in this paper,
we primarily focus on the economy optimization by optimizing the torque distribution
ratio of each motor to reduce the instantaneous energy consumption, and then improve the
vehicle dynamics through torque compensation under conditions requiring high power.
The remainder of this paper is organized as follows: Section 2 introduces the strategy
architecture of drive control and elaborates the principle and operation mechanism of the
proposed control strategy; Section 3 elaborates the basic torque distribution strategy of the
front and rear axle motors based on the optimization of instantaneous energy consumption
power, which focuses on economy optimization; Section 4 introduces the torque compensa-
tion strategy based on fuzzy control under the condition of high power demand, which can
improve the vehicle dynamics under the reference torque distribution on vehicle economy
performance; Section 5 is the hardware-in-the-loop simulation and results analysis, which
serves to verify the performance of the proposed drive control strategy; and Section 6 is
the conclusion.

2. Architecture of Multi-Mode Drive Optimization Control Strategy for the
Multi-Motor Electric Vehicle

The driving process of the vehicle can generally be divided into starting, slow acceler-
ation, low-velocity cruise, normal acceleration, medium-velocity cruise, rapid acceleration,
and high-velocity cruise. The required driving power is not high for the conditions such as
slow acceleration, low-velocity cruise, normal acceleration, and medium-velocity cruise,
so economy optimization focuses more on these conditions [22]. The required driving
power under starting, rapid acceleration, and high-velocity cruise is greater; therefore, the
optimization of vehicle dynamics mainly involves these conditions. The specific parameters
of the vehicle and the motor studied in this paper are shown in Table 1. The drive system
in this paper is composed of dual motors on the front axle and a single motor on the rear
axle. Therein, the rear axle motor is used as the first power system, which is suited for
urban conditions with low vehicle velocity. In contrast, the dual motors on the front axle
are used as the second power system, suited for high power demand conditions with high
velocity or middle/large acceleration to improve the high-velocity driving performance
and acceleration performance.

According to the common driving state and the structural characteristics of the drive
system analyzed in this paper, a driving control strategy composed of an economy control
module and a dynamics control module is proposed to achieve the optimal economy and
dynamics of the vehicle. The economy module mainly applies to the constant velocity
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condition or small acceleration condition. It is usually used to reduce the motor energy
loss by optimizing the distribution of the motor torque, and the goal is to improve the
energy utilization efficiency and prolong the driving range. The dynamics module mainly
applies to the large power demand conditions such as starting or rapid acceleration, and
it can quickly respond to the power demand by compensating the motor torque, thereby
improving the vehicle dynamic performance of the vehicle. The specific architecture is
shown in Figure 1.

Table 1. Vehicle parameters and performance index.

Parameter Value Unit
Curb weight myg 1520 kg
Max. weight M 1895 kg
wind resistance coefficient C; 0.29 -
Vehicle parameters Windward area A 2.27 m?
Tire radius R 0.307 m
Rolling resistance coefficient f 0.0165 -
Rotational mass conversion factor ¢ 1.0425 -
Wheelbase L 2700 mm
Rated speed 3000 r-min~!
Front motor Rated torque 57 N-m
Peak power 30 kw
Peak speed 7000 r-min~!
Rated speed 2500 r-min~!
Rear motor Rated torque 120 N-m
Peak power 60 kW
Peak speed 9500 r-min~!
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Figure 1. The architecture of torque optimization distribution strategy.
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3. Reference Torque Distribution Strategy for Front and Rear Axle Motors Based on
Optimal Instantaneous Energy Consumption Power

The command of electric vehicle drive control comes from the driver’s manipulation
of the accelerator pedal, and the driving torque command is mainly converted from the
accelerator pedal opening. Therefore, the relationship between the original driving torque
load coefficient and the accelerator pedal opening is as follows:

Ly = f("‘w) 1)

where L; is the torque load coefficient, which is determined by the relationship between
the accelerator pedal opening and the external characteristics of the drive motor, and
agp is the accelerator pedal opening in %. As a result, the initial demand torque of the
multi-motor-driven electric vehicle in this paper is:

Ld : Timaxr n; < no;

Ti(La,ni) = {LdTde”o n > ng = 012 )

n; 4

where i is the number label of the motor, i = 0 represents the rear axle motor, i = 1 represents
the left motor on the front axle, and i = 2 represents the right motor on the front axle;
Ti(Ly,n;) is the torque of the i-th motor in N-m; Tjmax is the peak torque of the i-th motor in
N-m; ny; is the base speed of the i-th motor in r/min; and #; is the speed of the i-th motor in
r/min.

Consequently, the initially required torque of the vehicle at a certain accelerator pedal
opening is:

2
Tr(zq = ZTi(Ld/ni)/i =0,1,2 (3)
i=0

Hence, the total mechanical power of the vehicle drive motor can be obtained as:

2 2
Priecn = Z Pmech,i = ZwiTi(Ld/ ni)/i =0,1,2 4)
i—0 i—0

1 1

where P, is the total mechanical power of the driving motor in kW, P, ; is the me-
chanical power of the i-th motor in kW, and w; is the rotational speed of the i-th motor by
international standards in rad/s:

w; = 60‘,1':0,1,2 (5)

The total motor power should equal the sum of the motor mechanical part and the

motor loss power:
2

Py = Pmech + Ploss = Z (Pmech,i + Ploss,i) (6)
i=0
where P; is the total power of the drive motor in kW, P is the total loss of power of the
drive motor in kW, and Py, ; is the mechanical power of the i-th motor in kW; the motor
loss power is mainly composed of iron loss, copper loss, and friction loss. The motor loss
energy is dissipated into air in the form of heat. In motor mode, the motor power loss is:

b Pecni- (1/ni(Tiywi) =1), Ti > Tip, w; > wip, i = 0,1,2 %
foss wio - Ti - (1/ni(Ty, i) = 1), T; > Tip, 0 < wj < wip,i =0,1,2

where Tjy and wjp are the torque and speed corresponding to the minimum data point
of the i-th motor map characteristic, respectively, and 7;(T;, w;) is the efficiency of the
i-th motor at a specific speed and torque, which is generally obtained through the motor
calibration test.
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It can be inferred from Equation (7) that for a four-wheel-drive electric vehicle that
can be independently controlled by the front and rear motors, although the vehicle velocity
and required torque at a certain time are determined, the motor loss power caused by the
different torque distribution ratios of the front and rear motors is not the same. Therefore,
by optimizing the torque distribution ratios, the motor working points will work in the high-
efficiency area as much as possible, and eventually, the instantaneous energy consumption
power will be improved, which can improve the vehicle economy effectively. Based on the
ideas mentioned above, the rear motor drive torque distribution coefficient « is used as the
optimization variable in this paper, and the objective function equation obtained by the
total power of each drive motor is as follows:

(1—x)w; Treq KWOTreq
i

Pt(K): Zplasm ,i=0,1,2 (8)

where « is the torque distribution coefficient of the rear motor, and its value range is
0 <x < 1. x =1is the rear motor individually driving mode, x = 0 is the front axle motor
individually driving mode, and 0 < x <1 indicates all motors simultaneously driving mode.
Py(x) is the total power of all drive motors under « in kW; ir and i, represent the front
transmission and rear transmission ratio, respectively; and Py, i(x) is the loss power of the
i-th motor under x in kW.

When optimizing the torque distribution, it should be ensured that the torque dis-
tributed to each motor does not exceed its maximum external characteristic curve limit;
otherwise, the motor will heat seriously even be damaged. Thus, the following constraints

must be met:

KTreq S TOmaX ((,L)()) (9)
(1 - K)Treq/z < Tlmax(wl)

where Tomax(wp) is the maximum external characteristic torque of the rear motor at the
speed of w( in N-m and Tymax(w1) is the maximum external characteristic torque of the
front motor at the speed of wq in N-m. In addition, it is necessary to ensure that the wheels’
adhesion on each axle is not greater than the road adhesion, or else it will cause a dangerous
wheel slip. Thus, the constraint of wheel adhesion obtained from the theoretical knowledge
of automobiles are as follows:

_ _(1-x)q
{C(pl ~ WLheaL = <¢ (10)
Cp2 = a/LTheq/L = <e¢

where Cy1 and Cy; are the adhesion coefficient of the front wheels and rear wheels, respec-
tively; a and b are the distances from the mass center to the front axle and rear axle in m,
respectively; /g is the height of the mass center in m; g is the road equivalent slope; and ¢ is
the road adhesion coefficient.

Ultimately, the optimization model of instantaneous energy consumption power can
be expressed as follows:

min: Pi(x) = 1= ");”"-"7 4 T | 2 Ploss (), i=0,1,2
’ =0
S.t.: KTreq < Tomax(a)o)
(1 )Treq/z < Tlmax( ) (11)
(1-x)q

B7L=heq 7L = <¢
71/4L+hq A4

Since the above optimization model is a convex optimization problem with inequality
constraints, the Lagrangian Slack Variable Method is used to solve the problem in this
paper. Through the optimization above, the torque distribution ratio of the rear motor
corresponding to the optimal instantaneous energy consumption power under different
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velocities and different demand torques can be quickly obtained, and it is used as the
reference torque distribution ratio. The torque distribution ratio can minimize the energy
consumption of the electric drive system and achieve an optimal vehicle economy.

4. Torque Compensation Strategy Based on Fuzzy Control for High Power Demand
Conditions

The reference torque distribution strategy based on optimal instantaneous energy
consumption power is suitable for normal working conditions. However, it may cause
a slow start and insufficient acceleration under high power demand conditions such as
vehicle starting and rapid acceleration [23]. Therefore, according to the vehicle state and
driver’s driving intention, the fuzzy control algorithm is used in this paper to formulate
the torque compensation for high power demand conditions, and accordingly, to achieve
outstanding dynamic performance.

In this work, data of vehicle operation and driver manipulation based on the skilled
electric taxi driver during the driving process were firstly collected and analyzed; then,
driving torque compensation strategy based on fuzzy control was established by combining
the vehicle dynamics in vehicle starting and rapid acceleration conditions. In addition, since
the sudden change in the driving torque has a considerable influence on the vehicle ride
comfort, the limit of the jerk should be fully considered when determining the maximum
value of the compensation torque, so it can avoid the decrease in ride comfort caused by
excessive and unreasonable torque compensation. The jerk can be expressed as:

iz v 1 (iqTAT

dt m- R At) (12)

where j is the jerk caused by changes in vehicle acceleration in m/s, i is the transmission
ratio, m is the vehicle mass in kg, and 77 is the drive system efficiency. It can be deduced
from the formula that the greater change rate of the acceleration is, the bigger the jerk will
be. Hence, Formula (12) can be transferred to:

ATST.H—R-j-At (13)
mr
where AT is the compensation torque in N-m and At is the motor torque response time in s.
The recommended value of jerk is j < 10 m-s~3 [24]. The degree of jerk is proportional to
the change rate of the motor driving torque. Therefore, the change rate of the motor torque
should satisfy the requirement of driving comfort.

As shown in Figure 2, we selected the velocity and accelerator pedal opening change
rate as the input variables of the fuzzy control algorithm, and the compensation torque of
the front and rear motor as the output variables of the fuzzy control algorithm. According
to the velocity range and driver operation data, the domain and membership of input
variables and output variables can be determined. For input variables, the domain of
velocity is selected as v = [0, 160], and its fuzzy subsets are equally divided into four levels:
{Small, Medium, Slightly High, High}, denoted as {S, M, SH, H}. The domain of accelerator

pedal opening variation rate is selected as zicup = [30,200], and its fuzzy subsets are equally
divided into three levels: {Small, Medium, Big}, denoted as {S, M, B}. Correspondingly,
for output variables, the domain of front motor compensation torque is ATy = [0,12], and
its fuzzy subsets are equally divided into three levels: {Small, Medium, Big}, denoted
as {S, M, B}. The domain of rear axle compensation torque is AT, = [0,20], and its fuzzy
subsets are divided into three levels: {Small, Medium, Big}, denoted as {S, M, B}. The
membership function of input and output variables is shown in Figure 3.
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Figure 2. Architecture of driver’s driving intention recognition system based on fuzzy algorithm.
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Figure 3. The input and output membership functions of the torque compensation controller:

(a) velocity; (b) accelerator pedal opening variation rate; (c) compensation torque of front motor;
(d) compensation torque of rear motor.

After determining the membership function of input and output variables, the actual
demand torque variation law of the reference vehicle under high power demand conditions
is analyzed, and the fuzzy rules for torque compensation of the front and rear motors
are conducted and are shown in Table 2. The different torque compensation amounts
of the front and rear motors can be obtained from fuzzy rule according to the different
fuzzy membership degrees corresponding to the input variables under different working
conditions, thereby enhancing the vehicle dynamics for high power demand conditions.
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Table 2. Fuzzy rules of the torque compensation module. (a) Fuzzy rules of torque compensation for
front motors. (b) Fuzzy rules of torque compensation for rear motor.

(@)
Accelerator Pedal Opening Variation Rate
Velocity S M B
S - - -
M - - S
SH M B B
H B B B
(b)
Accelerator Pedal Opening Variation Rate
Velocity S M B
S S M B
M M B B
SH - - M
H S S M

5. Hardware-in-the-Loop Simulation Results and Analysis

In order to verify the effectiveness of the drive control strategy proposed in this pa-
per, the hardware-in-the-loop simulation system shown in Figure 4 was established. The
hardware-in-the-loop simulation system is generally composed of a host computer, a real-
time simulator, the RapidECU, and the driver operating system. During the development,
the drive control strategy model was developed in Simulink and first tested by using the
model-in-loop on the computer. Subsequently, the C code of the drive strategy is generated
via rapid code-generation technology and downloaded to the controller, RapidECU. Simul-
taneously, the vehicle dynamics model is developed and runs in the Speedgoat real-time
simulator. Then, the host computer, RapidECU, Speedgoat, and driver operating system
are connected together via the data cable. The vehicle signals such as velocity, acceleration,
wheel speed, and so on are transmitted to each other through the CAN bus. The system
can perform both a closed-loop cycle test, as shown in path @ to test the performance
of vehicle cycle conditions, and a driver-in-the-loop test, as shown in path @ to simulate
actual driver operations.

Host computer Driver operating system
Simulation scene construction and real-
time data monitoring Visual information 2

Cycle condition
information

® Closed-loop cycle test
Drive
infor-
Vehicle mation
information
Real-time simulator ¥
Vehicle dynamics model Rapid ECU
! Torque Distribution
Control Strategy
Torque Command
| —
, ViGaR=E: =
= THITI) [

Figure 4. Hardware-in-the-loop simulation system.
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5.1. Results for WLTC

A single working condition cannot fully reflect the energy consumption state, so the
vehicle economy is usually tested and verified by the cycle working condition. In order
to verify the vehicle economy performance of the control strategy, the WLTC is selected
as the test condition, which can represent four different working conditions: urban (low
velocity), suburban (medium velocity), rural (high velocity), and highway (ultra-high
velocity) [25,26]. The driving control strategy in this paper and a comparison strategy
with the equal-load driving control strategy were carried out by using WLTC to verify the
vehicle economy performance.

It can be seen from Figure 5 that the drive control strategy proposed in this paper can
ensure that the actual velocity adequately follows the desired velocity. From Figure 6, it can
be seen that when the drive control strategy of this paper is adopted, most of the torque
distribution ratio « is equal to or close to 1 at medium and low velocity; that is, all or most
of the vehicle power is provided by the rear motor. That means the front motors do not
participate in driving in these times, so the rear motor can improve its working efficiency
since the load of the rear motor is increased. Then, from Figure 7, at the time of start-up and
sudden acceleration, the compensation torque is activated, thereby reducing the start-up
time and acceleration time. Moreover, compared with the motor torque in Figure 8b, most
of the drive torques at the low and medium velocity of WLTC in Figure 8a are supplied by
the rear motor, and the load of the rear motor increases, thereby improving its efficiency.
Correspondingly, at high velocities in WLTC, the distributed torque of the front motors
is greater in Figure 8a, and it takes full advantage of the front motors’ ability to maintain
constant torque at high velocities, thereby ensuring the driving stability.

140
—— Actual velocity
- - --Desired velocity
120

100 —

©
S
T

60

40 —
20 M]
0 I L I I
0 200 400 600

800 1000 1200 1400 1600 1800

Velocity/(km - h'1)

Figure 5. Velocity in WLTC.
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Figure 6. Drive torque distribution ratio of the rear motor in WLTC.
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Figure 8. Motor torque distribution in WLTC: (a) motor torque of the control strategy proposed in
this paper; (b) motor torque of the comparison strategy.

Compared to the working points of different strategies in Figure 9a, it can be inferred
that the low-efficiency operating point of front motors at low speed and low torque is greatly
reduced when adopting the control strategy proposed in this paper, and the working points
in the range of 2500 r/min to 3500 r/min move towards high torque areas, which is
beneficial to improve the front motor efficiency. Similarly, it can be seen from Figure 9b
that, as the rear motor is commonly used at low and medium velocity, its load has been
effectively increased at low and medium speeds of 0-5000 r/min, thus making more
effective use of the high-efficiency motor area between the rated torque and the maximum
torque. Moreover, in the range above 5000 r/min, the torque of the rear motor is lower than
that of the comparison strategy, so more torque is allocated to the front motors, which are
more suitable for high velocity.

Due to the improvement in the motor efficiency by using the strategy in this paper,
the drive system will consume less battery energy for the same torque demand. It can
be seen from Figure 10 that in WLTC, the SOC using the strategy of this paper decreases
more slowly than the comparison strategy, and the final SOC is 0.52% higher than that of
the comparison strategy, thereby effectively improving the driving range and battery life.
Specifically, from Figure 11, it can be deduced that the energy consumption is reduced by
953 kJ compared with the comparison strategy; that is, the energy consumption is reduced
by 6.45%, which represents considerable energy saving for electric vehicles. Therefore, at
certain operating points of cycle conditions, the drive control strategy proposed in this
paper can reasonably distribute the torque load between the front and rear axle motors
and increase the number of operating points in the high-efficiency motor area; hence, the
working efficiency of the motor can be effectively improved, thereby reducing the energy
consumption and improving the vehicle economy.
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Figure 9. Comparison of working points of motors in WLTC: (a) working point of the front motor;
(b) working point of the rear motor.
45 T T T T T T

T
——SO0C of this paper
............. SOC of compared strategy

44+

43t

42 -

41

40 -

SOC/%

39 S 1

38 |

37

36 [ "4._‘.‘ 4

35 1 I I I I I I I
0 200 400 600 800 1000 1200 1400 1600 1800

Timels

Figure 10. SOC changes in WLTC.

15000 T T T T T T T T
Consumed energy of this paper
~Consumed energy of compared strategy
-
4
> 10000 - B
o
=2
)
c
)
°
9]
€
3
2 5000 | 1
)
(&)
0 L L L L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800

Timel/s

Figure 11. Energy consumption in WLTC.

5.2. Variable Acceleration Conditions

In order to verify the vehicle dynamics performance, a driver-in-the-loop simula-
tion was used to conduct a start-up and acceleration test, and the results of using the
strategy proposed in this paper and the compared strategy without torque compensation
are discussed here. As shown in Figure 12, the tester achieved the vehicle start and four
accelerations by controlling the opening of the accelerator pedal, and at the same time
reduced the opening of the accelerator pedal to put the vehicle into a cruising state after
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each acceleration to a specific velocity. This maneuver can reflect the acceleration and
dynamics performance of the vehicle from a standstill to a relatively high velocity. Com-
bining Figures 13 and 14, it can be seen that due to the effect of compensation torque, in
the acceleration times of 5-15 s, 87-94 s, and 132-135 s, the velocity of the strategy in this
paper increases faster than that of the compared strategy; however, while in an acceleration
time of 45-54 s without compensation torque, the acceleration trend of the two strategies is
nearly the same. Therefore, the torque compensation strategy adopted in this paper can
effectively improve the acceleration performance of the vehicle.
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Figure 12. Accelerator pedal opening variation.
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Figure 13. Velocity in variable acceleration conditions.
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Figure 14. Torque compensation in variable acceleration conditions.
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Combining Figures 15 and 16, it can be seen that at the moment of 5-15 s, the vehicle
starts and accelerates rapidly at low velocity and the required torque is relatively large, so
all the front and rear axle motors provide compensation torque for starting up to ensure
that the vehicle can quickly start and accelerate. Similarly, at 87-94 s and 132-135 s, the
demand power is large, so the torque compensation module is triggered, and motors on
both the front and rear axle obtained the torque compensation. However, different from
the acceleration stage, the torque required by the vehicle in the cruise stage is small and
does not require torque compensation; even at 15-45 s in the cruising stage, only the rear
axle motor can meet the torque demand from Figure 15. In addition, it can be seen from
Figure 16 that during the high-velocity acceleration, the rear motor is already in the constant
power range, and its torque decreases as the vehicle speed increases, so more torque is
distributed to the front motor, resulting in the higher efficiency of the multi-motor-drive
system, thereby ensuring the vehicle dynamics and stability performance at high-velocity
driving. At last, by comparing the driving distance in Figure 17, it can be seen that the
vehicle can travel an additional 146 m by using the control strategy in this paper; that is, it
can travel a longer distance under the same accelerator manipulation action, so a better
acceleration performance is achieved.

Therefore, the drive control strategy proposed in this paper can reasonably control the
workload of the front and rear motors at different velocities and accelerations, and realize
the torque compensation under high power demand conditions such as starting and rapid
acceleration, thus effectively improving the vehicle dynamic performance.
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Figure 15. Torque distribution ratio of rear motor in variable acceleration conditions.
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Figure 16. Torque of front and rear motors in variable acceleration conditions.
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Figure 17. Driving distance in variable acceleration conditions.

6. Conclusions

Four-wheel-drive electric vehicles with multiple motors have the advantages of energy
saving, environmental protection, and excellent dynamics performance, and have gradually
become an important development trend in electric vehicles in recent years. For the four-
wheel-drive electric vehicle with dual motors on the front axle and a single motor on the
rear axle studied in this paper, the single motor on the rear axle is usually used for low- or
medium-velocity conditions such as urban driving, and the dual motors on the front axle
are usually used for high-velocity conditions and high power demand conditions. Given
the drive configuration characteristics of the studied vehicle, we designed a multi-mode
optimal drive control strategy based on hierarchical control. In terms of the vehicle economy
module, we proposed a reference torque of the front and rear axle motors based on the
optimal instantaneous energy consumption power to improve the energy consumption
efficiency. As for the vehicle dynamics module, we developed a torque compensation
strategy based on fuzzy control to improve the vehicle dynamics under high power demand
conditions such as starting up or rapid acceleration. Ultimately, through the hardware-
in-the-loop simulation system, the closed-loop cycle test was carried out in WLTC, and
the results show that the energy consumption of the proposed strategy is reduced by
6.45% compared to the compared strategy. The driver-in-the-loop test results show that
the proposed driving optimization control strategy can realize torque compensation under
high power demand conditions, and effectively improve the vehicle dynamics. However,
we did not investigate vehicle steering based on the advantages of dual motors on the front
axle, so research on the lateral dynamics of four-wheel-drive electric vehicles with multiple
motors will be carried out in the next stage.
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