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Abstract: The four-wheel steering distributed drive vehicle is a novel type of vehicle with independ-
ent control over the four-wheel angle and wheel torque. A method for jointly controlling the distri-
bution of the wheel angle and torque is proposed based on this characteristic. Firstly, the two-de-
grees-of-freedom model and ideal reference model of four-wheel steering vehicle are established;
then, the four-wheel steering controller and torque distribution controller are designed. The rear
wheel angle is controlled by the feedforward controller and the feedback controller. The feedfor-
ward controller takes the side slip angle of the center of mass as the control target, and the feedback
controller takes the yaw angle as the control target. Torque is controlled by two control layers, the
additional yaw moment of the upper layer is calculated by the vehicle motion state and fuzzy control
theory, and the lower layer distributes wheel torque through the road adhesion coefficient and
wheel load. Finally, a simulation platform is established to verify the effectiveness of the proposed
control algorithm.

Keywords: four-wheel independent drive; fuzzy control; four-wheel steering; roll stability

1. Introduction

With the rapid advancement of energy storage units and motor power density, sig-
nificant improvements have been made in the development of electric vehicles. This has
brought to light the environmental and energy-related disadvantages of fuel vehicles [1,2].
As drive-by-wire technology continues to mature, there is a growing focus on distributed
drive and four-wheel steering technology [3]. Steering-by-wire and distributed drive tech-
nology eliminate the need for mechanical transmission modes, thus removing various re-
strictions imposed by mechanical connections on steering and drive systems. The distrib-
uted drive utilizes torque differences among the four wheels to generate additional yaw
torque, thereby enhancing vehicle stability. Four-wheel steering vehicles can control the
rotation angle of front and rear wheels without changing the longitudinal force of front
and rear wheels, and they can control the yaw moment by changing the direction angle
of force [4,5]. Effectively leveraging tire longitudinal force and maximizing the benefits of
four-wheel steering and distributed drive to further enhance vehicle handling stability
has become a challenging focal point within the realm of vehicle chassis control [6]. In
2020, the Teemo four-wheel steering intelligent chassis debuted SAECCE, and in 2022,
BYD released the distributed drive car Yang Wang U8 (Figures 1 and 2).
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Figure 2. Yang Wang U8 distributed drive chassis.

At present, a large number of scholars have studied distributed drive and four-wheel
steering. Hu [7] proposed an integrated control system for the active front steering and
the direct yaw moment control of electric vehicles with a wheel hub based on working
area division. The operating areas of the two subsystems are determined according to the
driving conditions. Fu [8] proposed a direct yaw moment control method based on sliding
mode for electric and hybrid electric vehicles with independent motors. This method em-
ploys a novel switching function design to simultaneously track the desired yaw rate and
vehicle side slip. Farroni [9] proposed a phase plane to study the influence of tire nonlin-
earity on vehicle handling, and an active steering controller is designed to enhance the
driving stability of the vehicle under extreme working conditions. Zhao [10-12] applied a
hierarchical structure for stability control, in which the upper controller solves the addi-
tional yaw moment by the SMC, LOR or APT method, and the lower controller calculates
the wheel driving moment under multiple constraints. Khelladi [13] proposed a hierar-
chical structure based on the direct yaw moment control method, which combines two
different controllers to calculate the globally stable yaw moment, so as to control the yaw
rate and vehicle side slip angle. Dai [14] focused on the unmanned chassis with four-wheel
drive and steering line control. In order to enhance the multi-direction driving and steer-
ing capability of the chassis, a personalized path tracking control strategy based on a ref-
erence vector field is proposed. The distributed execution architecture of the unmanned
chassis with four-wheel drive and steering line control is established. Ahmadian [15] pro-
posed a multistage control scheme based on active forward steering (AFS) and direct yaw
moment control (DYC) to maintain vehicle handling and improve yaw stability. Amro [16]
proposed an advanced control method, which integrates several fuzzy controllers to im-
prove the vehicle-handling stability: namely, direct yaw moment control (DYC), active roll
moment control (ARC) and active forward steering (AFS). Ref. [17] proposed for the path-
tracking problem of unmanned vehicles a robust gain scheduling lateral motion control
strategy coordinated by AFS and DYC to improve the stability and maneuverability of the
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vehicle, so that the vehicle has a good tracking ability. Zhou [18] proposed several changes
for electric vehicles where the phase plane is optimized, the stable regions are divided,
and different control methods are adopted in different regions, realizing the combined
control of active front wheel steering (AFS) and direct yaw moment control (DYC).

All these studies have contributed significantly toward enhancing driving stability;
however, it is worth noting that their strategic focus lies on wheel torque and front wheel
steering without involving the joint control of wheel torque and four-wheel steering.

In this paper, the distributed drive vehicle with drive-by-wire four-wheel steering is
taken as the research object, and the wheel torque and angle are jointly controlled. The
research and development process of the modern vehicle control system is shown in Fig-
ure 3. This paper mainly studies the design of model-in-the-loop (MIL) and software-in-
the-loop (SIL). Simulation research can greatly reduce the development time and cost in
the process of system development, so this paper will conduct simulation analysis to ver-
ify its feasibility.
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( | System definition | Acceptance test | \
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Figure 3. Development process of modern vehicle control system.

The main contents of this paper can be summarized as follows:

1. A control method for the joint control of wheel torque and angle is proposed to im-
prove vehicle stability based on the distributed drive vehicle with drive-by-wire four-
wheel steering.

2. The mathematical modeling of a four-wheel steering vehicle is established, and pro-
portional feedforward and PID (proportional-integral-derivative control) feedback
control is carried out on the yaw rate with the side slip angle of the center of mass as
the control objective. Additionally, torque distribution is achieved through the fuzzy
control method.

3. The angle and torque control strategy is simulated through Matlab/Simulink (R2019b)
and Carsim (2020.0) co-simulation analysis to verify its effectiveness.

2. Mathematical Model Construction of Vehicle
2.1. 4WS (Four-Wheel Steering) Vehicle Mathematical Model

The vehicle will be affected by many factors in the actual operation process. This pa-
per only focuses on the vehicle driving stability control and simplifies the vehicle model
according to the main research content. The model will be established based on certain
assumptions. These assumptions include the vehicle’s movement being restricted to a
plane parallel to the ground; neglecting air resistance, changes in wheel vertical load, and
the steering system, the front and rear wheel angles are considered as system inputs; it is
assumed that the tire’s lateral characteristics fall within the linear range.

The two-degrees-of-freedom (2-DOF) four-wheel vehicle model based on the above
assumptions is shown in Figure 4:
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Figure 4. Two-degrees-of-freedom (2-DOF) four-wheel vehicle model.

where @ and g are the yaw rate and side slip angle. a, and «, are the tire slip an-

gles. Fyr and Fyr denote the front and rear tire lateral forces. 0 f and 6, are the desired

front and rear wheel angles. a is the distance from the center of mass of the vehicle to the
front axle, and b is the distance from the center of mass of the vehicle to the rear axle. L is
the vehicle wheelbase. V is the vehicle centroid velocity; Vx and Vy are the components of
the vehicle centroid velocity on the X and Y axes, respectively. According to Newton's
second law, the dynamic equation of the vehicle can be derived as

mo_ (,B+a))=Fyf cosd, +F cosd,

1
I @w=aF ,cosd,—bF cosd @
z uf f yr r

where m is the total mass of the vehicle. I: is the yaw moment of inertia of the vehicle.
Since 0, and 0, aresmaller, cosd, and cosd, areapproximately 1. According to the

hypothesis of tire side deflection characteristics, the side deflection force and side slip an-
gle of front and rear wheels are calculated; « f and «, could be described as

Fy/ =ka f’Fw =k, ()

aw bw
a,=p+——-06,,a, =f——-0
fﬁvxfrﬁvxr 3)
where ki1 and k2 are the equivalent tire side stiffness of the front and rear axles. Combining
Equations (1) to (3), the dynamic differential equation of the four-wheel steering vehicle
model can be described as

nwAﬁﬂm=ﬁwﬁkﬂ+wQ&;%ﬁ—h@—hé
0

(a’k, +b’k,)
v

X

r

(4)

I w = B(ak, —bk,)+w —ak,6, +bk,0,

The differential equation is converted into the form of a state-space equation, and the
yaw rate and the side slip angle of the center of mass are taken as state variables, which

can be expressed as X = [ B a)JT . Taking the vehicle front and rear wheel angles 6, and
0, as input variables and the centroid side slip angle g and yaw rate @ as output vari-

ables, which can be expressed as Y = a)]T, we arranged Equation (4) into an equation

with the following state form:

X =AX+BU
{ ©)

Y=CX+DU
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where
Kok oak-bk, ] [k k
mo, mo’ mv, mov,
A= ’ b= . ;
ak, —bk, a’k +b’k, —ak, bk,
IZ Izvx IZ IZ

2.2. Ideal Reference Model

The ideal reference model is the motion state of the vehicle when it reaches a constant
speed and enters a steady state. The ideal yaw rate and side slip angle of the center of
mass can be calculated in this state. The motion can be described as follows: with only
minimal and negligible front wheel steering, the vehicle moves in a uniform circular mo-

tion, where both 8 and @ are zero [18]. The steady yaw rate can be obtained by com-
bining the 2-DOF four-wheel vehicle model as shown below:
6,0,k k,L
“ TR+ m?
&, L +muo, (ak, —bk,)

(6)

Since the maximum lateral acceleration that the vehicle can achieve is limited by the
ground adhesion coefficient, the actual desired yaw rate can be expressed as

|ow,| < 0.85“—7;g 7)

At the same time, in order to ensure the stability of the vehicle at high speed, it is
assumed that the steady-state side slip angle of the vehicle’s center of mass is 0. Therefore,
the expected yaw rate and sides slip angle of the center of mass can be expressed as fol-
lows:

0.85ug

‘} sgn(0)

W, =min {|a}d|,

B =0

where p isthe road adhesion coefficient, g is the gravitational acceleration, and w, and

8)

X

B, are the ideal yaw rate and the side slip angle.

2.3. Drive Motor Model

This paper mainly studies the vehicle dynamics control problem, so according to the
output characteristics of the wheel motor, the permanent magnet synchronous motor
model is simplified into a second-order system [19]:

T, I .
T: 2&*%*+2&s+1 ©)

m

G(s) =

where T, isthe target torque calculated by the controller; T, is the output torque of the

wheel hub motor; & is the characteristic parameter of the motor, which is related to the
internal resistance, self-inductance and mutual inductance of the motor. In this paper, &
=0.05.
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3. Design of Control Strategy
3.1. The 4WS (Four-Wheel Steering) Vehicle Steering Control Strategy

When the side slip angle of the center of mass is maintained near zero, it allows for
better completion of pre-viewing the driving trajectory and timely adjustment of the ve-
hicle’s attitude. In this section, a “feedforward + feedback” four-wheel steering control
system is designed with the zero centroid side slip angle as the control target. The struc-
ture of the control system is shown in Figure 5:

1

. Gy Feedforward Sr1 4 5, Four-wheel
Controller A vehicle model
Ba - Ap PID Feedback Oy
Controller
+
B

Figure 5. The 4WS (four-wheel steering) vehicle steering control strategy.

3.1.1. Feedforward Controller

The feedforward control of four-wheel steering adopts a proportional control method
for front and rear wheel angles. The objective is to achieve a steady-state side slip angle of
zero for the center of mass of the vehicle with the proportional coefficient set as K for the
feedforward rear wheel angle and front wheel angle [20].

0

K :5—;1 (10)

It can be seen from the above that when the vehicle is in a stable state, the acceleration
of the yaw rate @ =0, and the control target B =0. By substituting the above conditions

into the two-degree-of-freedom model of four-wheel steering as

i
_ 2
a——7 0
kL *

the curves of the relationship between the front and rear wheel angle ratio and vehicle
speed can be obtained from the above equation, as seen in Figure 6.

15 L I I I
0 30 60 90 120 150

Velocity(km/h)

Figure 6. Feedforward control angle ratio factor K.
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3.1.2. Proportional-Integral-Derivative Feedback Controller

Due to the excessive pursuit of reducing the lateral declination angle of the vehicle’s
center of mass, the single feedforward control strategy may lead to dangerous conditions
such as side slip or tailspin when the yaw speed of the vehicle reaches a certain limit. This
ultimately reduces the vehicle’s high-speed followability and fails to meet stability re-
quirements. To address this issue, this paper proposes adding a PID feedback controller
to the existing feedforward control strategy. The input of rear wheel angle under feedback
control is as follows:

8y, =Ky + K, [t + K ey (12)
= e .1ée _—
rl/r P i B d dt

where Kp, Ki and Kb, respectively, represent the proportional coefficient, integral coeffi-
cient and differential coefficient of rear wheel steering feedback, and the rear wheel angle
input is the sum of feedforward and feedback.

3.2. Torque Distribution Control Strategy

In this section, the DYC system with an ideal yaw rate as the control target is de-
signed. Based on the layered control strategy, the additional yaw moment is calculated in
the upper layer, and the torque distribution of each wheel is controlled in the lower layer.
The torque distribution control strategy framework is shown in Figure 7.

1
1
H Upper-level Conrroller:

Ba N AB ;

1
= | Fuzzy Logic AM
@a__ 4 T 4w 4 Controller |
1
1

5
—
14 2-DOF Moder
i
—x

1

1

1

1

1

torque |

» | distribution | !
T 1
control h

1

1

1

1

1

Figure 7. Torque distribution control strategy diagram.

3.2.1. Upper-Level Controller Design

Based on Fuzzy Logic Controller (FLC), a two-dimensional yaw torque fuzzy con-
troller with two inputs and one output is designed. The input values are the yaw rate
deviation (Aw = w —w, ) and side slip angle deviation (Af = f—,), and the output values
are the additional yaw torque (AM ). The fuzzy subset is {PB, PM, PS, ZO, NB, NM, NS},
and the corresponding fuzzy rules are {large, middle, small, zero, negative large, negative
medium, negative small}. The control rule fuzzy surface is shown in Figure 8, and the
fuzzy control rules are shown in Table 1.

Table 1. The detailed fuzzy control rules.

Aw
AM NB NM NS Z0 PS PM PB
NB PB PB PB NM BM NB NB
AB PB PB PM PM NS NS NM NB
NS PB PB PM NS NS NM NB

Zz0 PM PS PS V4@ NM V4@ NM
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PS PS PM PS PB NM PM NM
PM PB PM PM PS NM PM NB
PB PB PB PB PM NM NB NB

Figure 8. Control rule fuzzy surface.

3.2.2. Lower-Level Controller Design

After calculating the additional yaw moment using the fuzzy controller, torque dis-
tribution control will be implemented on all four wheels. To enhance vehicle stability un-
der various operating conditions and meet yaw moment requirements, a wheel torque
distribution control method based on vertical load is proposed. Tire adhesion is influ-
enced by the road adhesion coefficient and wheel vertical load. Greater lateral force is
generated with a larger vertical load under the same lateral slip angle condition. The front
and rear axle loads of the vehicle are

{sz = (mgb—ah )L

o (13)

F, =(mga+ah,)L
where Fz and Fz are the front and rear axle loads of the vehicle, respectively. ax is the
longitudinal acceleration, and /; is the height of the center of mass. Torque distribution is
carried out according to the front and rear axle load ratio while meeting the total driving
force demand. The relationship between the driving force of each wheel as

<Fzﬂ+FZf’)=(Fzrl+F )

F F

zf zr

B(E,+F,) B(F,+F
Al fr — ( zrl zrr) (14)
2sz 2F,

F_—-F_)B -

( xfr 5 xﬂ) + (Fxrr 2FX1’I)B =AM

On the basis of the average distribution of torque, the driving torque of each wheel
is distributed according to the proportion of vertical load:
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7 T 2 AMR
fl
4 BZFZ,.i
o T, 2F,AMR
"4 BYF, 5
T _ T, 2F ,AMR (15
P e
BZFZI./.
2F. AMR
Tﬂ :_d+ Zrr
4 BYE,

In order to ensure that the torque distribution is in a reasonable range, it is necessary
to meet the restrictions on road adhesion conditions and the maximum output torque of
the motor, namely:

F.<T. /R (16)

xij ij max

{_‘Lll:zij < in]’ < AUinj

where Fu is the total driving torque of the vehicle. B is the wheel base. R is the radius of
the wheel. Tjj is the torque of each wheel. F:jj is the vertical load on the wheel.

4. Simulation Result Analysis

In order to verify the effectiveness of the joint control strategy of four-wheel steering
and torque distribution, a joint simulation was carried out by Matlab/Simulink and Car-
sim, and the feasibility of the control strategy was judged by analyzing the simulation
results. The experiment is set up to perform the double lane change (DLC) maneuver with
the high adhesion road and a velocity of 80 km/h as well as the on-center steer maneuver
test with the low adhesion road and a velocity of 100 km/h. The front-wheel steering ve-
hicle (FWS), four-wheel steering control vehicle (4WS), direct yaw moment control vehicle
(DYC) and combined control vehicle (4WS + DYC) were selected for comparison. The ve-
hicle parameters are shown in Table 2.

Table 2. Vehicle parameters.

Parameter Value
Vehicle mass (kg) 1412
Wheelbase (m) 291

Vehicle centroid height (m) 0.540

Moment of inertia of Z axis (kg m?) 1536.7

Distance from front axle to center of mass (m) 1.015

Distance from rear axle to center of mass (m) 1.895
Rolling radius of the tire (m) 0.4016

Distance between left and right wheel tires (m) 1.675
Roll stiffness of front axle tires (N/rad) 107,610
Roll stiffness of rear axle tires (N/rad) 74,520

4.1. DLC Maneuver on High Adhesion Road

Under the conditions of road adhesion coefficient 1 =0.85 and vehicle speed 80 km/h,
the double lane change (DLC) maneuver was tested. Figure 9 indicates the experimental
results of DLC maneuvering on high adhesion pavement.
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Figure 9. Experiment results under DLC maneuver on a high adhesion road.

Figure 9a depicts the trajectory of the DLC with four distinct control strategies,
demonstrating that the driving trajectory of the vehicle model developed in this study
tends to be consistent. The trajectory of FWS exhibits excessive deviation at 90-100 m and
obvious deviation at 155 m. On the other hand, 4WS, DYC, and 4WS + DTC exhibit better
control over the vehicle trajectory without deviation.

In Figure 9b, the curve diagram illustrates the driving torque of the four wheels. It is
evident that the output torque of the front wheel consistently exceeds that of the rear
wheel on each side, indicating that our designed control strategy effectively utilizes tire
adhesion force with larger axle load and enhances the stability margin for wheels with a
lower axle load.

Figures 9c¢,d reveal consistent trends among all four vehicle models, highlighting sig-
nificant effects from three control strategies. The peaks of 4WS and DYC are relatively
close.

Comparatively, DYC demonstrates a decrease in peak yaw rate by 9.26% and peak
centroid side slip angle by 8.14% when compared to FWS. However, instability arises at
7.6 s, leading to significant fluctuations in the centroid side slip angle.

Similarly, for 4WS, there is an observed decrease in the peak yaw rate by 8.33% and
peak centroid side slip angle by 7.69%. While stability is maintained, its effect on control-
ling centroid side slip angle is suboptimal.

In contrast, the combination strategy 4WS + DYC results in a remarkable reduction
in the peak yaw rate by 16.67% as well as a substantial decrease in the peak centroid side
slip angle by 28.76%. Furthermore, the value tendency toward zero indicates improved
maintenance of the vehicle’s driving attitude and body stability.
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Therefore, based on the simulation analysis results mentioned above, it can be con-
cluded that under high adhesion road surface conditions, the 4WS + DYC controlled ve-
hicle is capable of enhancing the insufficient steering sensitivity observed in vehicles
solely controlled by four-wheel steering. This improvement is achieved through the coor-
dinated control of four-wheel differential torque distribution and a rear wheel angle. Ad-
ditionally, when compared to vehicles solely controlled by DYC, the 4WS + DYC con-
trolled vehicle exhibits a smaller side slip angle control and higher driving stability. In
summary, the overall performance of jointly controlled vehicles surpasses that of vehicles
controlled by a single subsystem.

4.2. On-Center Steer Maneuver on Low-Adhesion Road

Under the conditions of road adhesion coefficient p = 0.85 and vehicle speed 80 km/h,
the on-center steer maneuver is tested. Figure 10 indicates the experimental results of on-
center steer maneuvering on high adhesion pavement.

Vehicle trajectory /(m)
Wheel output torque /(N-m)

50 100 150 200 250 0 % 4 6 8 10
Longitudinal displacement /m Time /s

(a) Vehicle trajectory (b) Wheel output torque

o
Y

o
@

o
= o
) & =

Yaw rate /(deg/s)

Side slip angle /(deg)

S

I3
@

=)
N

S
N
&

o

&

2 4 6 8 10 ~o 2 4 6 8 10
Time /s Time /s

(c) Side slip angle (d) Yaw rate

Figure 10. Experiment results under DLC maneuver on a high adhesion road.

Figure 10a depicts the trajectory of the DLC with four distinct control strategies,
demonstrating that the driving trajectory of the vehicle model developed in this study
tends to be consistent. The trajectory of FWS exhibits excessive deviation at 200-220 m
and obvious deviation. On the other hand, 4WS, DYC, and 4WS + DYC exhibit better con-
trol over the vehicle trajectory without deviation.

In Figure 10b, the curve diagram illustrates the driving torque of the four wheels. It
is evident that the output torque of the front wheel consistently exceeds that of the rear
wheel on each side, indicating that our designed control strategy effectively utilizes tire
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adhesion force with a larger axle load and enhances the stability margin for wheels with
a lower axle load.

Figures 10c,d reveal consistent trends among all four vehicle models, highlighting
significant effects from three control strategies. The peaks of 4WS and DYC are relatively
close.

Comparatively, DYC demonstrates a decrease in peak yaw rate by 12.48% and peak
centroid side slip angle by 22.27% when compared to FWS.

Similarly, for 4WS, there is an observed decrease in peak yaw rate by 14.58% and
peak centroid side slip angle by 31.18%. The control effect of yaw velocity of 4WS and
DYC is similar, and the control effect of the side slip angle of centroid of 4WS is obviously
better than that of DYC.

In contrast, the combination strategy 4WS + DYC results in a remarkable reduction
in peak yaw rate by 28.57% as well as a substantial decrease in the peak centroid side slip
angle by 35.97%. Furthermore, the value tendency toward zero indicates improved
maintenance of the vehicle’s driving attitude and body stability.

Therefore, based on the simulation analysis results mentioned above, it can be con-
cluded that under low adhesion road surface conditions, the 4WS + DYC control vehicle
is capable of enhancing the effectiveness of low lateral displacement control under low
adhesion road conditions by coordinating four-wheel differential torque distribution and
rear wheel angle control. Additionally, when compared to 4WS and DYC alone, the side
slip angle and yaw rate of 4WS + DYC can be controlled in a smaller range, resulting in
higher driving stability. In summary, the overall performance of an integrated control ve-
hicle is superior to that of a vehicle controlled by a single subsystem.

5. Conclusions

This paper aims at the stability control problem of a distributed four-wheel steering
vehicle under the conditions of high and low road adhesion coefficient, respectively, and
it improves the lateral stability of the vehicle itself. The four-wheel steering control strat-
egy and torque distribution control strategy are designed, and the vehicle joint control
under dual control objectives is realized. The co-simulation model of CarSim and Sim-
ulink was built to carry out the simulation experiment. The results show that the proposed
control strategy can ensure the trajectory without deviation under the conditions of high
and low road adhesion coefficient, and it has better driving stability. However, the drive
motor in this paper is a simplified permanent magnet synchronous motor. Under actual
conditions, the drive motor will be affected by many factors when executing instructions,
thus affecting the response speed and accuracy of the actual control. Subsequently, a more
accurate physical model of the drive motor can be further studied. Meanwhile, the re-
search in this paper only verifies and analyzes the control strategy under simulation con-
ditions where the longitudinal speed is expected to remain unchanged. Therefore, the
subsequent research can design and study the control strategy of the vehicle under the
conditions of acceleration and braking. Due to limitations, the current research in this pa-
per is confined to the offline simulation verification stage. In the future, it is recommended
that hardware-in-the-loop testing of the control strategy and verification of the real vehicle
environment should be considered for further validation of the control effectiveness.
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