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a b s t r a c t
In order to improve the stability of anti-lock braking process, a dynamic analysis and coordinated 
control method of anti-lock brake based on dynamic axle load is proposed. On the basis of dynamic 
axle load, the wheel force of vehicle braking on hard road is analyzed according to the total resis-
tance of vehicle driving, and the dynamic analysis of vehicle hydraulic braking process is completed 
based on hydrodynamics theory. The coordinated control model of hydraulic anti-lock braking 
system is established by using the difference equation of motion of hydraulic anti-lock braking 
system. The experimental results show that the control method can reduce the braking distance 
and improve the stability of the braking process.

Keywords:  Dynamic axle load; Automobile hydraulic pressure; Anti-lock braking; Coordinated control; 
Theory of fluid mechanics

1. Introduction

The braking performance of automobile is one of the 
important performance of automobile, which is directly 
related to the driving safety of automobile [1]. At the same 
time, good braking performance is also the premise to 
improve the speed of the car. Without good and reliable 
braking performance as a guarantee, the high-speed driv-
ing of the car will be impossible [2]. As a driving assistant 
system, anti-lock braking system can avoid wheel lock and 
ensure driving safety under emergency braking conditions, 
which is an essential device in every vehicle [3,4]. With 
the rapid development of automobile industry, more and 
more new technologies, especially electronic technology, 
have been applied to automobile brake system. For exam-
ple, ABS (Anti-lock Braking System), EBD (Electric Brake 
Force Distribution) and ESP (Electronic Stability Program) 
have become the standard configuration of modern vehi-
cles. ABS can improve the handling stability and shorten 
the braking distance in the process of automobile braking, 
so as to effectively guarantee the safety of automobile. It 

is the first way to improve the active safety of automobile, 
and it has become the necessary configuration on passen-
ger vehicles [5,6].

Ahn et al. [7] believe that automobile braking and steer-
ing system is the most effective actuator that directly affects 
the dynamic performance of automobile. Generally speak-
ing, the braking system affects the longitudinal dynamics 
and the steering system affects the lateral dynamics; how-
ever, when the vehicle is braked on a non-uniform surface, 
their effects are coupled. Yaw moment compensation of 
multi branch steering control is one of the basic functions 
of integrated or coordinated chassis control system, which 
has been proved by many chassis suppliers. However, the 
disturbance yaw moment is usually compensated by yaw 
rate feedback or wheel brake pressure measurement. It is 
not cost-effective to obtain the wheel brake pressure through 
physical sensors; therefore, this paper models the hydraulic 
brake system to avoid using physical sensors and estimate 
the brake pressure. The steering angle controller is designed 
to reduce the influence of asymmetric braking force and sta-
bilize the yaw rate dynamics of the vehicle. Han et al. [8] 
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introduced a control method of anti-lock braking system 
(ABS) for electric vehicles. The non-linear characteristic of 
tire force is used to solve the problem of vehicle skidding. 
The front wheel uses the motor as the actuator instead of 
the traditional front wheel hydraulic brake system, and the 
rear wheel is still controlled by the hydraulic system. The 
effectiveness of the method is verified by simulation and real 
vehicle experiment [9].

In order to study the coordinated control of the hydrau-
lic anti-lock braking system, the control system designed in 
this paper focuses on the coordinated control of the vehi-
cle body subsystem, and focuses on solving the coupling 
problem between the steering system and the braking sys-
tem when the vehicle is steering and braking. In the design 
of automobile steering control system, active front wheel 
control and yaw moment control are used to calculate the 
front and rear wheel side slip characteristic parameters on 
line, and adjust the steering control amount by itself. In the 
design of automobile longitudinal brake, the coordination 
error is defined, the compensation controller is added, the 
vertical load of wheel is calculated on line, and the brake 
control amount is calculated by self-adjusting correction. 
The coordination controller can dynamically compensate the 
interference of steering control to the longitudinal braking, 
and make the whole system have good real-time, stability 
and coordination. Each error decays to zero with the same 
attenuation rate. Under the control of the coordinated control 
system, the vehicle state can have both good steering tracking 
performance and good longitudinal braking performance. 
The accuracy, real-time, coordination and stability of the 
tracking trajectory meet the requirements. The effectiveness 
of the control algorithm is verified by the detailed simulation 
results [10].

2. Design of coordinated control method for hydraulic 
anti-lock braking of automobile

2.1. Anti-lock brake process based on fluid dynamics theory

In the normal driving process of the vehicle, gasoline 
enters the brake through the oil inlet hole, the piston com-
pacts the disc spring group, there is no pressure between 
the friction plates, the gear shaft is free to idle by driving 
the internal friction plate. Brake solenoid valve power reset, 
brake cavity and oil pool connection, disc spring drive pis-
ton, press internal and external friction plate, play the role 
of braking vehicle. Therefore, the anti-lock braking process 
analysis based on hydrodynamic theory. When driving on 
a horizontal road, the wheels need to overcome the rolling 
resistance from the ground, and the vehicle body needs to 
overcome the air resistance from the air [11–13]; when driv-
ing on a ramp, the vehicle must also overcome the slope 
resistance; when accelerating, the vehicle needs to overcome 
the acceleration resistance. Therefore, the total resistance of 
vehicle driving is:

F F F F Ff w i j∑ = + + +  (1)

where Ff is rolling resistance; Fw is air resistance; Fi is slope 
resistance; Fj is acceleration resistance.

The calculation of each resistance is shown in Eqs. (2)–(7):
Rolling resistance:

F ff = mg cosα  (2)
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where m represents the vehicle curb weight, g represents the 
acceleration of gravity, f represents the coefficient of rolling 
resistance, α represents the angle of road slope, CD represents 
the coefficient of air resistance, A represents the windward 
area, va represents the speed, δ represents the conversion 
coefficient of vehicle rotating mass, Iw represents the moment 
of inertia of wheel, r represents the rolling radius of wheel, 
If represents the moment of inertia of flywheel, ig represents 
the speed ratio of gearbox, i0 represents the speed ratio of 
main reducer, ηT is the total efficiency of the driveline [14].

In the process of automobile braking, the force opposite 
to the driving direction is not only the external resistance, 
but also the braking force provided by the braking system. 
The wheel is mainly affected by three forces: Ground brak-
ing force, brake braking force and ground adhesion. Among 
them, the ground braking force is the external force that 
makes the car brake and slow down [15]. But the braking 
force of the ground depends on the friction of two friction 
pairs: one is the friction between the brake lining and the 
brake disc of the brake drum, the other is the friction between 
the tire and the ground, that is, the ground adhesion.

When neglecting the rolling resistance couple moment 
and the inertia force and inertia force couple moment when 
decelerating, the wheel force of the car when braking on 
a good hard road surface is shown in Fig. 1.

In Fig. 1 Fb represents the ground braking force, Tu rep-
resents the braking torque, r represents the wheel radius, 
W represents the vertical load of the wheel, Ua represents 
the speed of the vehicle, and Fz represents the normal force 
of the ground on the wheel [16].
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According to the torque balance relationship, the brake 
force is as follows:

F
T
ru
u=  (8)

The braking force is only related to the structural param-
eters of the brake, that is, its size depends on the type of the 
brake disc or drum), the structural size, the acting area, the 
friction factor, etc., and is directly proportional to the air 
pressure of the brake cylinder of the corresponding wheel.

2.2. Build the coordinated control model of hydraulic 
anti-lock brake

The vehicle is a complex multi degree of freedom space 
motion system. If all degrees of freedom are considered, a 
corresponding number of motion differential equations 
must be listed, which will make the analysis and solution 
extremely difficult, and the vehicle parameters required are 
many and most of them are not easy to measure accurately, 
the operability is poor, and the interference of some second-
ary factors will often reduce the simulation accuracy. On the 
contrary, it cannot highlight the nature and characteristics 
of the problem [17].

In the process of modeling, the origin of vehicle coordi-
nate system coincides with the center of mass of the vehi-
cle, and the vehicle coordinate system fixed on the vehicle 
is used to describe the movement of the vehicle.

By analyzing the motion of the system and applying 
Newton’s law, the differential equation of the system can 
be derived as follows:

Vehicle lateral motion equation:

m v v F F Fy x yf yr xf+( ) = + −γ δ δcos sin  (9)

Equation of motion of yaw:

I aF bF aFz yf yr xfγ δ δ= − −cos sin  (10)

Equation of longitudinal motion:

m v v F F Fx y�� � � � � �� �� � �xr xf yfcos sin  (11)

Rotation equation of front wheel:

I F Rf f f� � �xf bfT  (12)

Equation of rear wheel rotation:

I F R Tr r r� � �xr br  (13)

where m represents the mass of the whole vehicle, m rep-
resents the speed of the vehicle in the driving direction, 
vx represents the longitudinal speed of the vehicle, vy rep-
resents the transverse speed of the vehicle, γ represents the 
angular speed of the vehicle, If and Ir represent the rota-
tional momentum of the front and rear wheels, ωf and ωr 
represent the angular speed of the front and rear wheels, 
Fxf and Fxr represent the longitudinal force of the front and 
rear tires, Fyf and Fyr represent the transverse force of the 
front and rear tires, a and b represent the centroid distance 
of the front and rear wheels.

2.3. Design the coordinated control strategy of vehicle hydraulic 
anti-lock system

In the process of anti-lock braking, the coordinated con-
trol of regenerative braking and hydraulic braking is the 
focus of the research of electric vehicle braking system. As 
shown in Fig. 2, after the anti-lock control algorithm com-
pletes the road identification, different coordinated control 

Fig. 1. Wheel braking force analysis. Fig. 2. Anti-lock control flow chart.
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methods are adopted according to the road conditions [18]. 
In the control process, the road adhesion coefficient is always 
identified. When the adhesion coefficient changes, the 
control strategy is switched.

On the low attachment Road, the foundation pressure 
is provided by the hydraulic braking system, and the motor 
is used for anti-lock adjustment. On the low adhesion road, 
the wheels are easy to lock up, and the slight change of 
braking force may cause the sharp change of wheel speed. 
Because of the precise control and quick response of the 
motor, the anti-lock control of the motor can improve the 
control accuracy and control effect. At the same time, con-
sidering the maximum braking energy recovery capacity of 
the motor and battery, the hydraulic system provides the 
basic pressure, which is of great significance to eliminate the 
gap and improve the quick response of ABS after the motor 
failure [19].

On the medium adhesion road, anti-lock adjustment is 
carried out by the hydraulic actuator, and the motor pro-
vides basic braking. The traditional ABS controller can only 
divide the road into high adhesion and low adhesion. The 
distributed drive vehicle studied in this paper can obtain the 
regenerative braking torque and wheel cylinder pressure 
of the motor, so it can effectively estimate the road adhe-
sion. Taking specific strategies for the anti-lock control on 
the medium adhesion road can improve the control effect. 
Considering that the braking torque will fluctuate greatly in 
the process of anti-lock control of medium adhesion road, 
and the current motor regenerative braking capacity is small, 
which cannot meet the requirements of slip rate control, so 
the regenerative braking torque is taken as the basic torque, 
and the wheel slip rate is controlled through the adjustment 
of hydraulic braking force [20]. In this process, when the 
motor works at the maximum or larger regenerative brak-
ing torque, it is beneficial to improve the energy recovery 
efficiency in the process of anti-lock control.

On the high attached road, after entering the anti-lock 
braking control, the regenerative braking gradually exits, 
and the anti-lock control is completed by the hydraulic 
braking. Because the stability is the primary control objec-
tive in the process of anti-lock control on the high adhesion 
road, the traditional anti-lock control method of hydrau-
lic braking is relatively mature, so the motor regenerative 
braking is withdrawn, and the hydraulic braking com-
pletely completes the slip rate control. In previous stud-
ies, after ABS is started, regenerative braking is usually 
cancelled directly or reduced to 0 at a certain rate. In this 
process, hydraulic braking is used to compensate for the 
reduction of regenerative braking [21–23]. Direct cancel-
lation of regenerative braking, if the prop ortion of regen-
erative braking in the total braking is relatively large, it is 
easy to cause ABS to exit and start frequently, and gradu-
ally reduce the regenerative braking. Due to the need to use 
hydraulic compensation to reduce the amount, there is a 
high demand for hydraulic control accuracy.

3. Comparative analysis of experiments

3.1. Simulation condition analysis

Because there is no corresponding standard for the con-
trol method studied in this paper, RBS or ABS standard is 

considered as the reference of simulation conditions. At 
present, there is no unified standard for dynamic axle load 
system, while the national standard GB/T13594-2003 is 
used as the unified standard for anti-lock braking system. 
Therefore, the simulation conditions and working condi-
tions of this paper are set according to the relevant con-
ditions in GB/T13594-2003. The experimental conditions 
selected in this paper are as follows: at the initial speed of 60 
and 120 km/h, the full force braking is accelerated. Working 
conditions: high adhesion road and low adhesion road. 
The initial SOC value of the battery is 60%. The pavement 
with high adhesion coefficient is 0.8, and the pavement 
with low adhesion coefficient is 0.2. It meets the conditions 
of kH ≥ 0.5 and kH/kI ≥ 2.

In this paper, the control strategy of the vehicle hydrau-
lic anti-lock brake coordination control model on the open 
circuit surface is that the front and rear axles adopt the low 
selection control strategy, that is, on the open circuit sur-
face, when the low adhesion side wheel triggers the vehi-
cle hydraulic anti-lock brake coordination control model 
and the high adhesion side wheel has not yet triggered 
the vehicle hydraulic anti-lock brake coordination control. 
The whole system also needs to enter the model control of 
vehicle hydraulic anti-lock brake coordination control. In 
this case, the control strategy of the coordinated control 
model of the vehicle hydraulic anti-lock braking takes the 
thre shold value of the low adhesion side as the actual oper-
ation threshold value. Because of this control strategy, the 
simulation results of the split road are consistent with those 
of the low adhesion road. In order to save the space of the 
paper, the simulation results of split road will not appear 
in the following simulation results. The simulation results 
of low adhesion road surface can be used to represent the 
simulation results on the open road surface [24].

3.2. Evaluation index analysis

Evaluation index is a quantitative standard used to 
evaluate the algorithm. For RBS and ABS coordinated con-
trol, there is no definite evaluation index at present. In this 
paper, the evaluation index of RBS and ABS coordinated 
control algorithm is studied.

The main function of hydraulic anti-lock braking sys-
tem is to recover braking energy. It can be seen from pre-
vious scholars’ research that the energy charged into the 
battery can well evaluate the advantages and disadvantages 
of the vehicle hydraulic anti-lock braking system, and the 
energy charged into the battery can be quantified by the 
SOC of the battery, so SOC should be one of the evaluation 
indexes of this algorithm [25].

For the anti-lock braking system, the main evaluation 
indexes include the braking distance of the vehicle, the steer 
ability during braking, etc. The steer ability during brak-
ing can be evaluated by whether the wheels are locked or 
not, and the braking distance itself is an evaluation index. 
The standard of whether the wheel is locked or not can be 
in accordance with the provisions of GB /T13594-2003, “the 
wheel is allowed to lock temporarily, and when the speed 
is lower than 15 km/h, the wheel is also allowed to lock.”

To sum up, the evaluation indexes of this paper are: 
SOC of battery, wheel locking, braking distance of vehicle.



L. Zhang et al. / Desalination and Water Treatment 269 (2022) 228–237232

3.3. Simulation results

According to the anti-lock control flow of vehicles shown 
in Fig. 2, the simulation results of high viscosity pavement 
at different initial speeds are analyzed.

3.3.1. Simulation results of high adhesion pavement

(1) Simulation results at initial speed of 60 km/h:

For the first control strategy, the control algorithm for 
fully withdrawing the motor braking torque after ABS 
triggering is shown in the simulation results in Fig. 3.

It can be seen from Fig. 3a and b that the coordinated 
control strategy has little effect on the control effect of ABS. 
When the wheel speed is more than 2 m/s, there is a pro-
cess of separation and recovery, and the front and rear axle 
slip rates fluctuate near the optimal slip rate, achieving the 
purpose of ABS control. After 2 m/s, ABS exits the control, 
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and the wheels lock until they stop. Fig. 3e shows that the 
coordinated control method is well executed. Before ABS 
triggering, the motor braking torque is executed accord-
ing to RBS algorithm, and after ABS triggering, the motor 
braking torque step decreases [26].

The braking distance and battery SOC shown in Fig. 3c 
and d are the quantitative evaluation indexes in this paper. 
The braking distance of this braking process is 33.84 m, 
and the SOC of battery increases by 0.05%.

Due to the large lag in the process of motor exit, the actual 
torque value is slower than the control signal, resulting in 
the increase of decompression time. Reflected in the brak-
ing distance is the increase of braking distance. At the same 
time, since the braking torque of the motor decreases until 0 
after the ABS is triggered, the energy recovered by regen-
erative braking decreases and remains unchanged at last.

(2) The simulation results at the initial speed of 120 km/h 
are shown in Fig. 4.

The braking torque of the motor is about 18 nm when 
ABS is triggered, and the total braking torque of the wheel 
compared with 1,500 nm can be ignored.

The braking distance of the control method in this paper 
is 106.8 m, and the SOC of the battery increases by 0.02%. 
Because the motor is less involved in the braking process, 
the frequent conversion of different braking systems is 
reduced, thus the braking distance is increased. This con-
trol algorithm is almost the same as the second-one in the 
index of braking distance. However, because the motor is 
less involved in the braking process, the proposed method 
is greatly reduced in the SOC index of battery.

3.3.2. Simulation results analysis of low adhesion pavement

(1) The simulation results at the initial speed of 60 km/h 
are shown in Fig. 5.

When ABS is triggered, the residual torque of the motor 
is shown in Fig. 5f, about 20 nm. The braking torque of the 
wheel at this time is 400 nm, about 5%, which meets the 
engineering requirements [27,28].

The braking distance of the control method in this paper 
is 79.33 m, and the SOC of the battery increases by 0%. 
The reason for almost no increase of SOC in battery is that 
in the case of emergency braking on low adhesion road, 
the intervention of coordinated control algorithm affects 
the RBS effect very early, and the motor does not recover 
energy in the process of ABS braking.

(2) The simulation results at the initial speed of 120 km/h 
are shown in Fig. 6.

When ABS is triggered, the residual torque of the motor 
is shown in Fig. 6f, about 9 nm. The total braking torque 
of the wheel at this time is 400 nm, about 2%, which meets 
the engineering requirements.

The braking distance of the control method in this paper 
is 304.5 m, and the SOC of the battery increases by 0%.

Above, the control method of this paper is simulated 
under different road surface and different vehicle speed. The 

results prove the effectiveness of the method, and analyze 
the respective effects and influencing factors. Then, accord-
ing to the braking distance and SOC results of battery, the 
three control strategies are analyzed comprehensively [29].

In order to verify the braking distance of the control 
method in this paper more intuitively, the braking distance 
of the method in this paper under different simulation 
conditions is drawn as Table 1.

The coordinated control method based on dynamic axle 
load has the change of motor braking torque, but because 
the motor braking torque has been limited before ABS trig-
gering, the motor braking torque which responds slowly 
after ABS triggering exits the braking process, so it does not 
affect the ABS braking process, and the braking distance is 
relatively small.

4. Conclusion

In this paper, a method of hydrodynamics analysis and 
coordinated control of anti-lock brake based on dynamic 
axle load is proposed. The results show that the coordi-
nated control method can reduce the braking distance to 
ensure the safety of the vehicle in the process of driving, 
whether it is applied to high or low adhesion road. But in the 
design of coordinated control method, the analysis of road 
friction should be added to avoid the influence of external  
factors.
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