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Abstract: In order to solve the steering stability problem of a special four-wheel independent electric vehicle,
a dynamic model of the vehicle was established to analyze the cause of vehicle instability. A steering stability
controller was designed, which included the upper yaw moment controller and the lower driving force
distribution controller. Based on the sliding mode control algorithm, the yaw moment controller determines
the yaw moment required while the vehicle is moving by controlling the yaw rate and sideslip angle. Based

on the safety distribution method, the driving force distribution controller selects the sum of tire utilization
rate as the optimization function to realize the optimal distribution of yaw moment. Software of
MATLAB/Simulink and CarSim were used to build a co-simulation platform, and the designed steering
stability controller was analyzed and verified. The simulation results show that the steering stability controller
is helpful to improve the steering ability and handling stability of the vehicle in the extreme working

conditions.

1 Introduction

With the development of motor and control technology,
electric vehicles, with their characteristics of flexible drive,
high efficiency and good controllability, have been highly
regarded by major military countries in the world, and
have been applied more and more widely in the military
field. The four-wheel independent electric drive special
vehicle adopts the distributed drive mode, each motor is
independent and controllable, compared with the
traditional internal combustion engine vehicle, it
eliminates the clutch, transmission, transmission shaft and
other transmission devices, simplifies the chassis structure,
reduces the weight of the car body, so it has better
flexibility and maneuverability 1.

However, with the increase of freedom of control and
the complicated driving conditions, the stability control of
special four-wheel independent electric drive vehicle is
required to be higher. In some extreme working conditions,
such as emergency lane change or continuous avoidance
of obstacles, the driver may be unable to make timely
adjustments, and the vehicle is likely to exceed its stability
margin, resulting in the danger of loss of control 2,
Therefore, a steering stability controller is designed in this
paper to give full play to the advantages of electrically
driven vehicles and effectively improve the steering
stability of vehicles.
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2 Structure of four-wheel independent
electric drive special vehicle

The design requirements of a four-wheel independent
electrically driven special vehicle are as follows: the
maximum speed is 122km/h, the average off-road speed is
35km/h, the maximum angel of climb is 60%, and the
minimum turning radius is 1.2m. According to the
requirements of its design indicators, considering
comprehensively the matching relationship among power,
transmission, steering and braking system, the electric
transmission system scheme of "engine-generator set and
power battery hybrid integration" and "hub motor four-
wheel independent drive" is adopted. The vehicle system
structure is shown in Figure 15,
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3.1 Vehicle 7-DOF model

Vehicle is a multi-degree-of-freedom and strongly
nonlinear system, so it is necessary to simplify the model
of vehicle. The yaw moment distribution of the vehicle is
mainly affected by the lateral force and longitudinal force
of the tire, and the roll, pitch and vertical movement of the
vehicle are ignored. Therefore, a seven-degree-of-freedom
model of the vehicle is established, as shown in Figure 2
below 4],

b

Fig. 2. Vehicle 7-DOF model

The total longitudinal force of the four tires satisfies
the following equation:

F,=F,cos0+F,coso+F, +F, (1)

xfr xrl xrr

The total yaw moment of four tires satisfies the
following equation:

d . .
M, =(F, c0s6—F; c0s5+F,, _E‘")E +aF,sind+aF,;sind  (2)

The lateral load transfer can be ignored and only the
longitudinal load transfer can be considered when the
vehicle is turning. Vertical load formula of each tire is as
follows:
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3 Vehicle dynamics model Among them, o1~ For~ Fur~ Fur ae respectively

the longitudinal forces on the left front, right front, left rear

and right rear wheels, Fas Fon B B e

respectively vertical load of left front, right front, left rear

. Ay~ O~ N~ Q
and right rear wheels , ) (4

respectively the sideslip angles of left front, right front,
left rear and right rear wheels, m is quality, * is vertical

speed, vy s lateral speed, @ is the yaw rate, o is the
front wheel angle, ¢ is the distance from the front axis to
the center of mass, ¢ is the distance from the rear axis to
the center of mass, /=a+5 is wheelbase,d is wheel track,

h, is height of the center of mass.

3.2 Vehicle linear 2-DOF model

In order to analyze the basic state of vehicle steering
stability, a linear two-degree-of-freedom model was
selected considering the ideal input-output relationship
between the front wheel steering angle and vehicle yaw
motion, as shown in Figure 35,
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Fig. 3. Vehicle linear 2-DOF model

The dynamic equation of a two-degree-of-freedom
vehicle is:



E3S Web of Conferences 248, 02041 (2021)
CAES 2021

https://doi.org/10.1051/e3sconf/202124802041

ma, =k +F, an
Lo=Fa+Fb (12)

Among them, the lateral force of the wheel # . # can
be expressed as follows:

F,=C,-a,F,=C,q, (13)
In the math above, G\ @ are respectively the lateral

stiffness of the front and rear wheels of the vehicle, and

F. % are respectively the side angle of the front and
rear wheels.

The relationship between vehicle lateral deviation
angle and sideslip angle is as follows:

a,=p+-6 (14)

X

ba
“=p (1s)

According to the above equation, the kinematics
equation of the vehicle's 2-DOF model can be deduced as
follows:

m(v, +v,0)=(C, +c,_)ﬂ+i(ac, ~bC,)o—C
: v,

(16)
) 1, 2
16 =(aC, =bC )+ (a"C, = b*C - (17)

3.3 Vehicle tire model

The dynamic response of vehicle steering is mainly
affected by tire characteristics. In order to accurately
represent the nonlinear characteristics of tires and meet the
real-time requirements of simulation tests, the Dugoff tire
model is selected to calculate the longitudinal and lateral
forces of tires, and the expressions are as follows[®!:

F.=f()-C, s, (18)
F, = f(0)-C, a, (19)
Among them,
1= M F
\/(Cxi .Si)z + (Cyi '051)2 (20)
£y 2-MHA,1<1
)= 1, A>1 @1

In the above formula, ¢, < are the longitudinal and

lateral stiffness of the tire, ¥ is the side-slip angle of the
tire, F is the vertical load of the tire, “m is the peak

adhesion coefficient of the road surface, and S is the tire
slip rate.

3.4 Permanent magnet synchronous motor
model

Permanent magnet synchronous motor has the advantages
of small volume, light weight, high power density and
good reliability, so the selection of permanent magnet
synchronous motor model can meet the off-road mobility
and stability requirements of special electric vehicles.

With the rapid development of motor control technology,
the motor can basically output according to the given
torque at present. Therefore, the torque model of the motor
is established by using the external characteristic curve of
the motor in this paper, as shown in Figure 4.

T
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Fig.4.Motor external characteristic curve

It can be simplified into a first-order dynamic system
model, as follows!):

1
]; = ]6‘,' ref (22)
s+ 1 -
Teﬁrcf = nTmax (}’l) (23)

. . .
!"is the motor efficiency, T ver and % arethe given

value and actual value of the motor torque, and Tw® is
the maximum torque of the motor at the current speed. In
the actual driving process of the vehicle, when the speed

(motor speed) is greater than the turning speed " the
vehicle is controlled by constant power. When the motor

speed is less than the turning speed "7, it is constant

torque control.

4 Analysis of vehicle instability reasons

When the speed of the vehicle is fast, the external
interference or the situation of the road surface is more
complex, it is possible to appear the situation of vehicle
instability . The heading angle of the vehicle can represent
the movement direction of the vehicle, and its relationship
with the yaw rate and sideslip angle is as follows®):

v=p+[o-d 24)

It can be seen from Equation (24) that when the
sideslip angle is small, the heading angle is mainly
determined by yaw angle. Therefore, the steering
characteristics of the vehicle can be expressed by yaw rate.
When the sideslip angle of the vehicle is large, both of
them represent the steering characteristics of the vehicle.

5 Design of steering stability controller
for special vehicles

The vehicle steering stability controller is divided into two
layers, shown in Figure 5. The upper layer is the sliding
mode controller which determines the yaw torque required
by vehicle driving by controlling the yaw rate and sideslip



E3S Web of Conferences 248, 02041 (2021)
CAES 2021

https://doi.org/10.1051/e3sconf/202124802041

angle, and the lower layer is the driving force distribution
controller which distributes the yaw torque to the four
wheels according to the optimal method.
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Fig.5. Combined sliding mode controller structure of yaw
rate and sideslip angle

5.1 Design of yaw moment controller based on
sliding mode control

Sliding mode variable structure control is a nonlinear
control algorithm, which can make the system state move
according to the sliding mode surface by switching control
quantity®®. This method has the advantages of fast
dynamic response, simple control, strong robustness and
good reliability. According to the 2-DOF reference model,
the ideal value of the yaw rate is:
VX

—25
1A+ Kv))
®, =min (25)
HE -sgn(J)
v)(
The ideal value of the sideslip angle is:
b—mav?/(C1)
. I1+Kv]?)
B, =min (i+ﬂ) (26)
ueCse
Among them, K_m(ﬁ i)
e G

After the yaw moment is applied, the 2-DOF model of
the vehicle is:

=g ST - S
my, ' X an,(
w:acfbe,ﬁJraC +b°C, 77,5 AM (27)
1, Ly, 1.
In the above formula, am is the additional yaw

moment.

Generally, the vehicle is expected to have a faster
response to the change of the yaw rate. Therefore, the
tracking error and its change rate of the yaw rate is
selected as follows:

ew:w—wd (28)

e, =0—, (29)
The tracking error of the sideslip angle is:

ey =F~Py (30)
The sliding surface is defined as:
s=c¢(ce, +é,)+(1-c e, (31)
s=c(c,e+e)+(1-c)es

= clcze +cl(a)— a)d)+ (I- cl)e/;

In the above formula, 9 is the weight coefficient of

0<¢ <l

yaw rate s is the sliding mode variable.

While S—)O\ S-)O’ ew_>0’ e, _>0’ e/f’—>0,
According to Equations (27) and (32), the additional

yaw moment of sliding mode control can be determined

as:

—¢ « aC,—bC. -
AM*—[(LZ(ZN ! C‘eﬁia ’] ~ B+

I z
7azc +bC, a;d ac; Lre a)ﬁgsgn(s)) (33)
Iy, 1.
When the system parameters change or there is
external disturbance, the control system may deviate from
the sliding mode surface. Therefore, the above equation

adds the switching function &sg(s) as the control law, so
that the system can quickly return to the sliding mode

é

surface. is the approaching speed of the control law, is

positive. sgn(s) is the sign function.

5.2 Design of driving force distribution controller
based on objective optimization

In order to ensure the steering stability of special vehicles,
the driving force distribution controller of the lower level
takes the tire utilization rate as the optimization objective,
and the yaw torque demand obtained from the upper level
yaw torque controller is distributed to the four wheels
through the allocation algorithm.

The tire utilization rate  is the ratio of the road

adhesion of a single wheel to the maximum adhesion the
ground can provide. Equation (34) is as follows, which can
be used to reflect the stability margin of the vehicle. The
lower the tire utilization rate, the higher the stability
margin of the automobile will be, the greater the fault
tolerance rate and the better the stability.
VE +F;
=R (34)

it zi

E

Among them, *» is the lateral force of left front, right

front, left rear and right rear wheels, and # is the road
adhesion coefficient. Four-wheel independent electrically
driven special vehicles can only control the output torque
of the motor. The motor torque acts on the longitudinal
force of the tire through the reducer. Since the lateral force
cannot be directly controlled, the objective function is

selected as follows:
2

(u F>2 (35)

IZl

min J = min z

Based on the classical law of friction, the net force of
friction acting on the tire and the ground does not exceed
the product of the tire vertical load and the coefficient of
friction on the ground. At the same time, considering that
the force distributed to each tire can not exceed the
maximum driving force that the hub motor can provide,
the constraint conditions are:
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0<F, R<T,,
{ ' (36)

0<F,<ukF,

R s the effective radius of the tire.

When the objective function is a quadratic function
and the constraint condition is linear, the quadratic
programming method is generally used to solve the
problem. Quadratic programming problem is a kind of
nonlinear programming problem with special form, and its
basic formula is!'":

. 1
min f(x) = ExTQx +c'x (37)
Ax<bh
s.t. Aeqx = beq (38)
Ib<x<ub

Among them, ¢ and Ay are matrix, the rest are
vectors.

Transforming Equations (35) and (36) into Equations
(37) and (38), we can get:

X = [FV_/Z’Fxﬁ"Fxr'[’Fw-r ]T (39)
V(mF) 0 0 0
0= 0 1/ (4, Fy ) 0 Z 0 (40)
0 0 V() 0
0 0 0 1/(u,F,.)
A=[R,R,R,R' (41)
b = [Tmax’Tmax’Tmax’Tmax ]T (42)

1 1 1 1
A4 = , , (43)
“ |cosd+asind —cosd+asind 1 -1

Fd
i
1b=[0,0,0,0]" (45)

ub = [/’II'IFZ/I7ﬂ/}'F;/i’ﬂrlel'[’Iurerrr ]T (46)

The above formula uses the Quadprog function of
MATLAB to solve the optimal driving force acting on
each tire, so as to obtain the torque size of each motor and
realize the optimal distribution of yaw moment®.

6 Simulation experiment and analysis

MATLAB/Simulink and CarSim are used to build a co-
simulation platform through the interface of importing and
exporting variables between the software. The input-
output relationship is shown in Figure 6 to verify the
correctness and effectiveness of the control algorithm.

CarSim Input Vehicle Vehicles CarSim Output
» Dynamics (——» Status
Model Parameter
Simulink Qutput | - Drive Motor Control Simulink Input
Model System Model

Fig.6. MATLAB/Simulink and CarSim co-simulation

The basic parameters and motor parameters of a four-
wheel independent electrically driven special vehicle are
shown in Table 1 and 2.

Tablel Vehicle parameters

Basic parameters of the vehicle

The quality of the vehicle 6.4 (t)
Drive form 4x4
Height of the center of mass 1.617
Wheel base 3.3 (m)
Wheel track 2.1(m)
Distance from front axis to center of mass 1.617(m)
Distance from rear axis to center of mass 1.683(m)
The moment of inertia 11018(kg m?)
Radius of the tire 0.52 (m)
Table 2 Motor parameters
Hub motor basic parameters
Rated power (kW) 75
Peak power (kW) 120
Rated speed (r/min) 2050
The highest speed (r/min) 7500
The rated torque (Nm) 350
Peak torque (Nm) 1100

According to the requirements of the steering transient
response test, the simulation test conditions for: a given
test speed is 80 km/h, the vehicle running in a straight line,
150 degree step input applied to the steering angle at 2s(as
shown in Figure 7(a)), then the vehicle turns according to
the steering angle. The simulation was carried out on low
adhesion road surface (adhesion coefficient was 0.3), the
simulation results obtained are shown in Figure 7(b)-(f).

Steering Angle/”

Time/s

a. Steering wheel Angle input
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Fig.7. Transient steering response test of low adhesion
road surface

When the vehicle on the low-adhesion road is steering
at high speed, it can be seen from Figure (b) that the yaw
rate of the vehicle is larger and fluctuates more sharply

when the control is not applied. After the control is applied,
the yaw rate of the vehicle decreases significantly and
tends to be stable in the later stage, and the vehicle steering
is more stable. As can be seen from Figure(c), when the
control is not applied, the sideslip angle of the vehicle
changes greatly and the vehicle is unstable. After the
control is applied, the sideslip angle of the vehicle changes
slightly and the vehicle has good stability. As can be seen
from Figure (d), due to the insufficient steering yaw
moment of the vehicle without control (that is to use equal
torque distribution), the vehicle has a certain sideslipping,
which leads to a larger steering radius and an offset of the
vehicle's traveling trajectory. It can be seen from Figure (¢)
and (f),when no control is applied, the motor torque of the
four wheels is the same due to the method of equal
distribution. Due to the torque difference between the left
and right wheels, the torque difference of the left wheel is
greater than that of the right wheel when the vehicle is
turning, so as to ensure that the vehicle can drive in
accordance with the normal trajectory. At the same time,
the motor torque is also significantly reduced, which
reduces the vehicle's driving speed and ensures the
stability of the vehicle steering.

7 Conclusion

In this paper, a steering stability controller, which includes
yaw torque control and drive torque distribution, is
designed for a special four-wheel independent
electrically-driven vehicle. The effectiveness of the
control algorithm is verified by the software of Matlab and
CarSim co-simulation. The simulation results show that
the proposed steering stability control strategy is effective
to improve the steering stability of special four-wheel
independent electric drive vehicles under extreme
working conditions.
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