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a b s t r a c t
As an active safety technology, vehicle stability control system can suppress the tendency of 
excessive steering and serious understeer, and improve the handling stability of vehicles. Equipped 
with ABS By monitoring the wheel slip state, adjusting the braking pressure of the wheel timely, 
the wheel speed and speed information are converted into electrical signals, which are sent to the 
ABS controller to calculate the tire longitudinal slip rate. An upper controller is established to 
determine the wheel cylinder pressure according to the actual wheel slip rate and the expected 
slip rate the expected value of force. It can realize the basic pressurization and decompression 
test, and reach the set value in a short time, meet the requirements of the system. The wheel 
cylinder pressure is in good agreement with the hardware in the loop test results, that is, the 
established braking model has good accuracy, which ensures the recovery of braking energy and 
prevents the wheel from locking.
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1. Introduction

The green intelligent vehicle requires that the braking 
system reduce or cancel the dependence on the engine 
vacuum, and the braking feeling is not affected by the coor-
dinated control process of regenerative braking and fric-
tion braking, and the braking system can realize low-noise 
active conventional braking [1]. Automobile braking refers 
to the ability to stop in a short distance and maintain the 
stability of driving direction, as well as the ability to main-
tain a certain speed in uphill and downhill. The braking 
performance of automobile is one of the main performances 
of automobile, which is directly related to traffic safety 
[2]. For the automotive electro-hydraulic brake system, it 

uses electronic components to replace part of the mechan-
ical components of the traditional hydraulic braking sys-
tem, which is a hybrid system of mechanical, electrical 
and hydraulic. Therefore, the system has strong nonlinear 
characteristics, including the compressibility of the brake 
fluid, the hysteresis effect of the brake pipeline, the damp-
ing effect of the solenoid valve, etc., it is very difficult to 
control the brake wheel cylinder pressure quickly [3].

The main causes of vehicle instability are as follows: 
(1) Oversteering is caused under certain driving conditions, 
such as the transfer of axle load caused by vehicle longi-
tudinal and lateral acceleration. In some cases, the vehicle 
can be changed from understeer to oversteer, thus leading 
to vehicle instability. (2) Because of the longitudinal force 
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produced by the braking or driving of the tire, the cornering 
stiffness of the tire will be reduced, which will cause the 
side slip of the front or rear axle and cause instability [4]. 
(3) The yaw rate produced by the vehicle often lags behind 
the driver’s control of the steering wheel. When the vehi-
cle changes lanes in an emergency, the vehicle will produce 
a relatively large yaw moment when steering, which will 
cause a large side slip angle of the vehicle’s center of mass 
after a period of time. It is difficult for the driver to con-
trol the vehicle under a large side slip angle of the mass 
center, which leads to instability.

In order to adjust the brake wheel cylinder pressure 
accurately, many control strategies have been applied to 
the control of automobile brake system [5]. Among them, 
logic gate limit control, PID, fuzzy control and neural 
network control have been applied in automobile brak-
ing system, and achieved certain control effect. However, 
because they are not model-based control methods, some 
characteristics of the brake system are ignored in the 
design of the control strategy, and it is difficult to accu-
rately monitor the state of the brake system [6].

In this paper, the stability control of automotive 
hydraulic braking system based on ABS coordinated con-
trol is studied by monitoring the wheel slip state, adjust-
ing the braking pressure of the wheel timely, the wheel 
speed and speed information are converted into electrical 
signals, which are sent to the ABS controller to calculate 
the tire longitudinal slip rate. An upper controller is estab-
lished to determine the wheel cylinder pressure accord-
ing to the actual wheel slip rate and the expected slip 
rate the expected value of force [7].

2. ABS coordinated control

Active safety system is an anti-lock brake system (ABS). 
It uses the relationship between the road and the tire sys-
tem to control the wheel slip rate at the critical point, so 
as to give full play to the road adhesion performance and 
achieve the best effect [8]. It can effectively prevent side 
slip, tail flick and loss of steering ability caused by locking.

ABS automobile anti-lock system mainly includes speed 
sensor, wheel speed sensor, main control unit, hydraulic 

adjustment unit, conventional hydraulic braking sys-
tem and alarm system, etc. its specific structure is shown 
in Fig. 1.

The wheel speed sensor is installed on the wheel of the 
car, and the speed sensor is also installed on the car body to 
convert the wheel speed and speed information into elec-
trical signals and send them to the ABS controller. After 
calculation, the slip rate is obtained, and the correspond-
ing control signal of the high-speed on-off valve is output 
according to the slip rate [9]. When the actual slip rate is 
less than 20%, the ABS controller makes the normally open 
high-speed on-off valve 5 open and the normally closed 
high-speed on-off valve 4 close to realize the pressurization 
of the hydraulic system; when the slip ratio is equal to 20%, 
the ABS controller closes the normally open high-speed 
switch valve 5 and the normally closed high-speed on-off 
valve 4 to maintain the pressure of the hydraulic system; 
When the slip ratio is more than 20%, the ABS controller 
makes the normally open high-speed on-off valve 5 close 
and the normally closed high-speed on-off valve 4 open to 
realize the system pressure reduction. In addition, in order 
to monitor the various parts of ABS, the electronic con-
trol unit is also equipped with a monitoring device. Once 
these components have abnormal conditions, it will trigger 
the alarm device to give an alarm, and exit the ABS brake 
and turn to the hydraulic conventional braking.

ABS controller model is a simplified ABS control model 
[10]. The modeling of this module is to adjust the braking 
torque of each wheel by controlling the hydraulic adjust-
ing unit. The ABS controller module is specially used for 
four-wheel vehicles. If one or more wheels are detected 
to be about to lock up under braking conditions, the ABS 
controller model will provide appropriate torque adjust-
ment to avoid wheel locking [11]. This simplified method 
is to calculate the approximate value of tire longitudinal 
slip ratio (using wheel rotation speed and vehicle speed as 
input and tire rolling radius as parameter).

(1) ABS full supervision stage: if the estimated tire lon-
gitudinal slip rate is lower than SxABS(1 + x), the controller 
model will release the input braking torque completely 
until it drops to zero. The output ABS supervision braking 
torque of each wheel is:

ABS 

controller

Fig. 1. Structure of ABS hydraulic system.
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Tbrake = 0  (1)

(2) ABS partial supervision stage: if the estimated tire 
longitudinal slip rate is within the specified boundary 
area SxABS(1 + x), SxABS(1 – x), then the controller model will 
release the input braking torque using a simple linear func-
tion about Sx. The output ABS regulatory braking torque 
of each wheel is:
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(3) In the unsupervised phase of ABS: the estimated 
tire longitudinal slip ratio is in the [SxABS(1 – x), SxASR] range, 
and the input braking torque is applied:

T T Tbrake in brake=  (3)

In Fig. 2 Sx represents the longitudinal slip rate of tire, 
SxABS represents the regulatory value of longitudinal slip 
rate, x represents the monitoring area of ABS status, Fx rep-
resents the tire longitudinal force based on the tire longitu-
dinal slip rate, TbrakeABS represents the supervised braking 
torque, and Tin represents the input target torque.

For automobile ABS, the wheel slip rate is generally 
controlled [12,13]. Therefore, it is necessary to establish 
an upper controller to determine the expected value of 
the wheel cylinder pressure according to the actual and 
expected slip rate of the wheel. The upper controller is 
designed by sliding mode variable structure control prin-
ciple. Firstly, the single wheel model is selected as follows:
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w x b





� �
� �

�
�
�

�� �
 (4)

where m is the mass of the vehicle, v̇ is the longitudinal 
speed of the vehicle, Fx is the longitudinal force of the tire, 
Iw is the rotational inertia of the wheel, ω̇ is the angular 
velocity of the wheel, r is the effective rolling radius of the 
tire, and Tb is the braking torque.

The difference between the actual value s and the 
expected value sd and its derivative are selected as the state 
variables of the sliding mode switching function:
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If c is a constant, then the sliding mode switching func-
tion is:

� � � � � �� �c e s c s se d   (6)

The sliding mode control term is the combination of 
constant velocity reaching rate and continuous function as 
follows:

  � � �� � � � �� �ce e tanh /  (7)

where ε is the constant velocity approach law, and its value 
greater than 0, Ω is the saturation interval parameter of the 
continuous function tanh. Due to the inertia effect of the 
electro-hydraulic braking system, the following equation 
is used to describe the lag of braking torque:

T
U T
Tb

b

h

�
�Tb  (8)

where UTb is the output control value of the braking torque 
based on sliding mode control and Th is the time constant 
of the first-order inertial link. The output braking torque 
control value UTb of sliding mode controller is obtained as 
follows:
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The ABS pavement conditions are set as butt flat pave-
ment, and the pavement adhesion coefficient and expected 
slip ratio are shown in Table 1. The test condition is that the 

xABS xABS
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(1 + x)S S (1 − x)

Fig. 2. ABS controller module status monitoring diagram.
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vehicle makes emergency braking on the road at the initial 
speed of 120 km/h.

3. Stability control of automobile hydraulic 
braking system

When the vehicle is running, it is affected by the road 
conditions. When the adhesion reaches the adhesion limit, 
the dynamic performance of the vehicle will change [14]. 
The adhesion includes longitudinal force and lateral force. 
When the longitudinal force reaches the adhesion limit, it 
will affect the driving performance or braking performance 
of the vehicle. Similarly, when the lateral force reaches the 
adhesion limit, it will affect the lateral performance of the 
vehicle and the dynamic stability performance of the vehicle.

The judgment of wheel stability is mainly to judge 
whether the wheel is in the locking state, and the vehicle 
stability is mainly to judge whether the vehicle yaw rate 
and the side slip angle of the vehicle center are within the 
stable range of the vehicle, so as to judge whether the vehi-
cle is in the stable state [15]. The importance of motor as 
an electric vehicle has been mentioned before, but this sys-
tem mainly uses the reversibility of Brushless DC motor, so 
the maximum braking torque of motor has a great impact 
on the recovery of braking energy. The torque output 
characteristics of the motor in this paper can be simu-
lated by the first-order inertia delay mathematical model, 
and the torque output can be expressed as follows:

T
t s
Tm

r

�
�
1

1 min  (10)

where Tm is the actual torque (nm), tr is the time constant (s), 
and Tmin is the maximum torque of the motor.

The electric energy of the motor in the generating state 
is converted from the mechanical inertia energy, and the 
energy is expressed as follows:

P P Pel mec lost� �  (11)

where Pel is the generating power (W) of the motor, Pmec is 
the driving power (W) of the motor, and Plost is the power lost 
during the conversion (W).

With the hardware of ABS and TCS system, better con-
trol effect can be obtained with less modification. When 
the sideslip angle of vehicle center of mass is close to zero, the 
yaw rate reflects the turning ability of the car. The higher the 
yaw rate of the car is, the stronger the turning is, the smaller 
the turning radius is, and vice versa [16,17]. Therefore, 
when the side slip angle of the vehicle center is small, 
the yaw rate represents the running track of the vehicle.

When the side slip angle of the vehicle is very small, 
the yaw rate determined by the linear two degree of free-
dom vehicle is the most stable for the vehicle. Fig. 3 shows 
the steering characteristics of a linear two degree of free-
dom vehicle. The forward speed of the vehicle is Vx, the 
side slip angle of the center of mass is β, the front wheel 
angle is δ, the distance from the center to the front and 
rear axle is a and b respectively, the yaw rate of the vehicle 
is γ, the equivalent lateral stiffness of the front and rear 
axles is Kf and Kr, and the rotational inertia of the vehicle 
around the z-axis is Iz.

The steady-state steering characteristics of linear 2-DOF 
vehicle are selected as the ideal representation of yaw 
rate and sideslip angle of mass center on vehicle stability [18].
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where Gγ is the steady-state gain of yaw rate and Gβ is the 
steady-state gain of sideslip angle. The limit conditions for 
the lateral adhesion of the tire must be as follows:

a gy � ��  (13)

When the steering wheel is turned, the ground has a 
lateral force on the wheel, which produces a yaw moment 
on the car, which further changes the yaw rate of the car. 
However, the yaw moment also depends on the side slip 
angle of the vehicle. With the increase of yaw angle, the gain 
of yaw moment decreases. At large yaw angle, when the 
steering wheel angle changes, the yaw moment almost does 
not change. Especially in the physical limit, the car lost the 
steerability. On dry asphalt pavement, the deflection angle 
of the physical limit is 12, while on ice pavement, the limit 
value is 2. If the side slip angle of the vehicle reaches the 
characteristic value, the car will lose control and cause traffic 
accidents. Therefore, the sideslip angle should be limited to 
the eigenvalue βT.

Because it is difficult to determine the quasi stable state 
tolerance of the yaw angle, and when only using the scalar 
feedback control of yaw rate state, the control effect is not 
ideal because of too large sideslip angle, so the stability range 
of side slip angle is expressed by the following inequality:

� �� �B B1 2
  (14)

where B1 and B2 are constants. The inequality is derived 
from the test results shown in Fig. 4. When the inequality 
is established, the driving state of the vehicle is considered 
to be stable, otherwise, it is considered that the vehicle 
will lose its dynamic stability.

The quasi stable tolerance of yaw rate can be deter-
mined as follows:

� �� �c NO  (15)

If the inequality is true, the vehicle is considered to 
be stable; if not, it is considered that the vehicle loses sta-
bility and needs to be controlled. Therefore, after the quasi 

Table 1
Road adhesion coefficient and expected slip ratio

Braking distance <50 m 50–100 m >100 m

Road adhesion coefficient 0.5 0.2 0.8
Expected slip ratio 0.117 0.08 0.15
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stable tolerance zone of yaw rate and sideslip angle of mass 
center is determined, the driving stability of vehicle can be 
judged. As long as one of the driving states does not con-
form to the above two inequalities, the vehicle is controlled 
so that the yaw rate and sideslip angle are within the stable 
tolerance zone [19].

Wheel stability can be expressed by wheel slip ratio. 
When the wheel slip ratio reaches a critical point, even 

if the braking pressure of the wheel remains unchanged, 
the wheel slip rate will continue to increase, which is the 
boundary point between the stability and instability of 
the wheel. The critical point of the slip rate changes with 
the change of the road adhesion coefficient [20,21].

From Fig. 5 there are two stable boundaries in the 
graph: one is the basic boundary, and the other is the actual 
boundary obtained after correction. The basic boundary 
is determined by wheel slip rate and wheel deceleration. 
In order to reduce the false triggering of ABS, the basic 
boundary is modified. The modified threshold value of slip 
ratio can be expressed as follows:

S f a Sw th w� � � � � off  (16)

S S S S Sa soff si� � � ���  (17)

where Sw–th is the threshold value of wheel slip stability, Soff 
is the correction of threshold value of wheel slip rate, Sa is 
the correction of threshold value of slip rate determined by 
the range of wheel deceleration, Sμ is the correction amount 
of threshold value of slip rate determined by road adhe-
sion state, Ss’ is the correction amount of threshold value of 
slip rate determined by wheel slip speed, and Ssi is deter-
mined by integral value of wheel slip rate. The modified 
value of sliding rate threshold value is fixed.

The correction of the threshold value of wheel slip rate 
is wheel slip rate speed, wheel slip integral value, wheel 
adhesion coefficient and wheel deceleration. When the 
speed of wheel slip rate is small, reduce the threshold 
value correction of car wheel slip rate to improve the sen-
sitivity of ABS intervention to prevent wheel lock during 
slow braking; when the integral value of wheel slip rate is 
large in a certain period of time, it shows that the wheel 
tends to be unstable gradually, so reduce the threshold 
correction of slip rate to improve the sensitivity of ABS 
control; When the road adhesion is rough, increase the 
threshold correction of slip rate to reduce the sensitivity 
of ABS control. When the road adhesion is separated, the 
correction of slip rate threshold is reduced to improve the 
road surface Sensitivity of ABS control; when the decel-
eration of wheels is within the deceleration range of typ-
ical ice and snow pavement and no vehicle is detected 
on rough road or separated road, increase the correction 
value of slip rate threshold to reduce the sensitivity of 
ABS on ice and snow pavement, and prevent the wrong 
triggering of ABS on ice and snow pavement [22].

4. Experimental study

In this experiment, through the experiment of sharp 
turning and emergency avoidance on the rainy road and 
dry road, through the extraction and analysis of the exper-
imental results, to verify the rationality and effectiveness of 
predictive control for vehicle stability control. The real-time 
platform of hardware in the loop test-bed adopts micro auto 
box and rapid Pro rapid control prototype system, relay, 
upper computer, MATLAB/Simulink and control desk pro-
duced by D space company The system is used to test and 
control the electro-hydraulic brake system, collect and 

Fig. 3. Linear two degree of freedom vehicle model.
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process various sensor information in real time, calculate 
the vehicle dynamic model, and drive the motor, solenoid 
valve and other components in the hydraulic control unit. 
Physical diagram of system test bench is shown in Fig. 6.

The master cylinder, pedal feeling simulator and 
hydraulic control unit of the electro-hydraulic braking 
system are shown in Fig. 7.

The solenoid valve mentioned in the hydraulic con-
trol unit is mainly for the high-speed on-off valve, and 
its parameter setting is shown in Table 2.

The test bench, control unit and control strategy of the 
electro-hydraulic braking system are applied to carry out 
the basic brake pressure increasing and reducing pressure 
test. The test results are shown in Fig. 8.

Set the reference pressure signal to 6 MPa for test, 
the results show that the system can rise to the set value 
in 100 ms and keep stable; the system can reduce the 
wheel cylinder pressure from 6 MPa to 0 within 70 ms. 
It can be seen from Fig. 8 that the system can realize the 

basic pressurization and decompression test, and reach 
the set value in a short time, meeting the requirements 
of the system. It shows that the test bench and control 
strategy meet the test requirements and can be used for 
test verification of complex signals [23].

The hardware in the loop test results and simulation 
results of wheel cylinder pressure under the same conditions 
are shown in Fig. 9.

It can be seen from Fig. 9 that under the same condi-
tions, the wheel cylinder pressure obtained from the sim-
ulation test is in good agreement with the hardware in the 
loop test results, that is, the brake model established has 
good accuracy, and it also shows that the model parameter 
values identified by ABS coordinated control have strong 
credibility.

From Fig. 10, when the wheel slip ratio reaches a crit-
ical point, even if the wheel braking pressure remains 
unchanged, the wheel slip rate will continue to increase, 
which is the boundary point between wheel stability and 
instability. When braking on low adhesion coefficient road, 
with the increase of master cylinder brake pressure, ABS 
will be triggered ABS control can be well coordinated to 

wa wa
min−wa
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thS

maxS
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o�set

Fig. 5. Wheel stability boundary.

Fig. 6. Physical diagram of system test bench.
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ensure the recovery of braking energy and prevent wheel 
locking.

5. Conclusion

This paper analyzes the working principle of tradi-
tional hydraulic braking and motor regenerative brak-
ing with ABS anti-lock function. Based on the structure 
of pure electric vehicle power steering system studied in 
this paper, a compound braking system which can real-
ize vehicle conventional braking, anti-lock braking and 
energy recovery is designed. In fact, the pressure in the 
high-pressure accumulator is constantly changing when the 
electro- hydraulic braking system is working. The next step 
is to establish the model of motor pump and high-pressure 
accumulator, and to study their influence on wheel cylinder 
pressure. In addition, the flow rate of the brake system can 
also be introduced into the verification of the system model.
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Table 2
Parameter setting of hydraulic regulating unit module

Parameter name Numerical value

Maximum flow coefficient 0.7
Reynolds number 100
Orifice diameter 0.6 mm
Area at maximum opening of solenoid 
valve

0.4 mm2
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