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Summary 

The brake system plays a key role in the safe operation of an automobile. As an 
important development direction of brake systems, electromechanical braking devices have 
attracted great interest because of their many advantages. Braking dynamics based on a two-
wheel vehicle model are analyzed in this paper. Then, an electromechanical brake device is 
designed and a simulation model of a vehicle ABS based on the electromechanical brake 
device is established. A sliding mode control system is designed to regulate the anti-lock 
braking system. The control algorithm is verified using a variety of operating conditions in 
vehicle dynamics simulation software. The simulation results show that the control method 
proposed in this paper can improve the braking effect. 

Key words:  Electromechanical brake; Sliding mode control; PID; Anti-lock braking 
system; Slip ratio 

1. Introduction 
An anti-lock braking system (ABS) allows a vehicle to stop quickly under slippery road 

conditions and is a key technology to improve vehicle braking safety. Research on the ABS 
control algorithm is an important for improving vehicle braking performance. Currently, the 
major parameters of the ABS control algorithm include logic threshold control, classic PID 
control, fuzzy control, sliding mode variable structure control, neural network control, and 
others. However, due to the limitations of the execution speed of the hydraulic actuator and 
transmission delay of the hydraulic braking lines for conventional hydraulic braking systems, 
most practical products still use logic threshold control based on experience. However, the 
logic threshold control algorithm requires many road tests and cannot make full use of the 
road adhesion capability. 

An electromechanical braking (EMB) system uses electricity as the energy source, 
which transmits energy by an electric wire while the data line transmits a signal. The use of 
electricity removes the complicated hydraulic pipeline and hydraulic components from the 
system. Therefore, electronic mechanical brake systems are more suitable for electric 
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vehicles. An electromechanical braking system, which is the future developmental direction 
of braking systems, is a great choice for electric vehicles and is gradually becoming a research 
focus in the automotive industry. 

Major automotive companies and research institutes have developed various EMB 
system actuator prototypes and have conducted road tests by applying the systems in vehicles. 
Our laboratory has also developed an electromechanical braking device and applied for a 
patent for its design. 

The EMB system actuator utilizes the motor as its power drive mechanism, which is 
particularly useful for the control algorithm based on slip ratio control and can give full 
control to ABS because of its fast response speed. In recent years, variable structure control 
has been successfully applied in the simulation of various types of mechanical and electrical 
products. Some types of sliding mode controllers have also been designed for automobile 
ABS [1, 2]. In traditional automotive ABS control systems, there are many sliding mode 
controllers based on equivalent torque that use the saturation function and other methods to 
eliminate noise due to variable structure control [3-5]. For hybrid and electric cars, simulation 
studies still focus on hydraulic (pneumatic) braking systems; few sliding mode controllers 
have been designed for hybrid or electric vehicles equipped with EMB systems [6-8]. Among 
them, study focused on a quarter vehicle model based on a fuzzy control method and the 
sliding mode control (SMC) method [9-11]. 

Based on the classical mechanics of a two-wheel vehicle model, a model was built to 
analyze vehicle brake maneuvers, which includes the effect of longitudinal load transfer 
during braking. A simulation model of an electromechanical brake device was built in vehicle 
dynamics simulation software, and the control model of the anti-lock brake system was 
designed in Simulink. Co-simulation was carried out based on the simulation model and 
control model. Then, a sliding mode control algorithm was designed based on the equivalent 
torque. By comparing the simulation model with the classical PID control algorithm, it was 
demonstrated that the electromechanical braking device had an incomparable advantage over 
the traditional hydraulic braking system. At the same time, the comparison verified the 
algorithm based on slip ratio control, including sliding mode control and classic PID control. 
It was concluded that the sliding mode control as better than the other algorithms for vehicles 
equipped with EMB systems. 

2. EMB dynamics model 
The EMB system mainly consists of four of the same EMB actuators installed on all 

four wheels of the vehicle. Considering the impact of axial load transfer during braking, this 
paper first designs controllers for the front and rear wheels on one side of the vehicle. Then, 
slightly modified controllers are applied to wheels on the other side of the vehicle. 

2.1 Two-wheel vehicle model 
Vehicle and wheel braking dynamics analyses are conducted using classical mechanics, 

as shown in Figure 1. The moment of inertia generated by the rotating mass during 
deceleration is ignored. According to D'Alembert's principle, vehicle dynamic equations can 
be established according to the longitudinal direction of travel and the rotation directions of 
the two wheel spindles [12]. 
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The vehicle dynamic equation is,  

ff fr amv F F F        (1) 

The wheel braking dynamics equation is, 

f f ff bf rfJ RF T T           (2) 

r r fr br rrJ RF T T                (3) 

where m  - half vehicle mass, v  - vehicle speed, and ffF , frF  - longitudinal friction of the 

front and rear wheels, respectively. aF  - aerodynamic resistance, fJ , rJ  - moment of 

inertia of the front and rear wheels, respectively. f , r  - angular velocity of the front and 

rear wheels, respectively, and bfT , bfT  - brake torque of the front and rear wheels, 

respectively. rfT , rrT  - rolling resistance torque on the front and rear wheels, respectively. 

 
Fig. 1  Two-wheel vehicle model 

The aerodynamic resistance [13] is, 

21
2a D f aF C A v         (4) 

where, DC  - air resistance coefficient, fA  - vehicle frontal area, and  a  - air density. 

The longitudinal friction of the front and rear wheels is， 

ff zfF F                (5) 

fr zrF F             (6) 

where,   - braking effort coefficient of road adhesion and zfF , zfF  - normal reaction on the 

front and rear wheels from the road. 
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During braking, when considering the load transfer from the rear wheel to the front 
wheel, the normal loads on the front and rear wheels can be expressed as, 

 1
zf g aF mgb h mv F

L
            (7) 

 1
zr g aF mga h mv F

L
                  (8) 

where L - wheelbase; g - acceleration of gravity; a, b - distance between the front axle and 
rear axle to the center of mass, respectively; and gh  - height of the center of mass from the 

ground. 
The slip rate is not only the proportion of the sliding component in the wheel rotation 

but is also an important indicator that reflects the level of wheel lock. The longitudinal slip 
rate of the wheel is, 

100%i
i

v R
v
 

        (9) 

where i f , i r  - representation of the variables of the front and rear wheels. 

2.2 Tire model 
Tires are the only components that make contact with the vehicle and road surface; in 

addition to air resistance, relatively all of the other external forces are generated by the 
interaction of the tire and road surface. Therefore, the mechanical properties of the tire have a 
vital influence on the braking performance of the car. 

To simplify the calculations and analysis, the empirical tire model proposed by Pacejka 
et al. was used in this paper [14-18]. The longitudinal adhesion coefficient in this tire model is 

   ( ) sin arctan arctani i i if D C B E B B            (10) 

where  f - coefficient of static friction, D - peak factor, C - curve shape factor, B - stiffness 
factor, and E - curve curvature factor. 

Generally, f is equivalent to a pure rolling wheel adhesion coefficient and is always 
taken as 0. D, C, B, and E are constants related to the road surface, which are determined from 
road experiments. 

2.3 Electromechanical brake device model 
This paper employs an electromechanical braking device developed in our laboratory 

[19]. The actuator prototype is shown in Figure 2 and Figure 3. The modular structure method 
was used to design the actuator, which includes the power driving mechanism, reduction 
mechanism and motion conversion mechanism. 

At the beginning of the braking phase, the control unit will determine the size and 
direction of the control current by analyzing the sensor signals. The motor will generate the 
appropriate braking torque, which is needed by each wheel in this state according to the 
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current. Then, through the reduction mechanism and motion conversion mechanism, the final 
braking torque will be passed to the braking disc. In the brake release phase, the control 
current is reversed; the motor is put in reverse, the ball screw returns to its original position 
and the clearance is self-adjusted. Therefore, the EMB system actuator model can be 
simplified as a first-order system and a delay function. The transfer function [20] is 

( )
1

sbT kG s e
I Ts

 


   (11) 

where bT  - output torque of the electromechanical brake device, I - control current,   - 
mechanical transmission delay constant, k - amplification factor of the electromechanical 
brake device, and T - motor drive model time constant. 

Based on the motor drive and mechanical drive models, the amplification factor of the 
electromechanical brake device shown in Figure 2 can be obtained [21, 22] as 

9.55 4 /b
e x s p h

k

Tk K i k p
I

               (12) 

where kI  - stall current of the drive motor, eK  - coefficient of the counter electromotive 

force, i - two-stage gear reduction mechanism transmission ratio, x - mechanical efficiency 

of the reduction mechanism, s  - drive efficiency of the ball screw, pk  - braking factor, and 

hp  - lead of the ball screw. 

 
Fig. 2  Electro-mechanical brake device 
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Fig. 3  Electro-mechanical brake schematic diagram 

3. Sliding mode controller design 
The task of ABS is to control the actual slip ratio of the wheel in the vicinity of the ideal 

slip ratio and to obtain the maximum longitudinal adhesion coefficient and high lateral 
adhesion coefficient. In this case, ABS can not only prevent the wheel from locking and 
shorten the brake distance but also obtain a larger lateral adhesion coefficient, which 
improves the handling and stability of the vehicle during emergency braking. 

Sliding mode control is a special type of nonlinear control and can be purposefully 
changed according to the current state of the system, forcing the system into a predetermined 
trajectory "sliding mode" state. Therefore, to ensure the existence of the sliding mode, we first 
need to design a switching function s in the sliding mode controller design. 

In this paper, it is assumed that the vehicle brakes during an emergency at a certain 
initial velocity on dry asphalt, the corresponding desired slip rate of which is approximately 
0.2. Therefore, the desired slip rate d  is set as 0.2 in this paper. The target of the control 
system is to eliminate the tracking error and ensure that the slip rate remains near the desired 
rate. Therefore, the switching function chosen in this paper is 

i i ds        (13) 

a) 

b) 
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The derivation of equation (9) can be obtained as 

 1 1i i iv R
v

                          (14) 

Equation (1) - (3) can be rewritten as 

,

fia

i f r

FFv
m m




                            (15) 

1ri
i fi bi

i i i

T R F T
J J J


  

                  (16) 

Substitute equation (5) and (6) into equation (15) and (16) 

1 2
,

( )i i
i f r

v f f  


                        (17) 

3 4 1( )i i i i i bif f a T                   (18) 

where 1
aFf

m
 , 2

zi
i

Ff
m

 , 3
fi

i
i

T
f

J

 , 4
zi

i
i

Ff R
J

 , 1
1

i
i

a
J

 . 

We substitute equation (17) and (18) into equation (14) 

5 6 7 8( ) ( )i i i f i r i bif f f f T                   (19) 

where 3 1
5

(1 )i i
i

f R ff
v

 
 , 4 2

6
(1 )i i i

i
f R ff

v
 

 , 2
7

(1 )i i
i

ff
v


 , 1
8

i
i

a Rf
v

 . 

The equivalent braking torque of the sliding mode control can be derived from equation 
(13), equation (19) and 0is   

6 7 5

8

( ) ( )i f i r i
beqi

i

f f f
T

f
    

       (20) 

The system moving point will move in the designed switching surface under the action 
of the equivalent moment. However, when the system deviates from the switching surface, it 
is necessary to design a control law to reliably introduce the initial state of the system point 
into the sliding mode and keep it moving within it, so that the system satisfies the reaching 
condition of sliding mode control. The braking torque can be defined as 

sgn( )bi beqiT T K s                       (21) 

To meet the arrival condition of the sliding mode control, a Lyapunov stability 
condition is adopted as 

0ss                                            (22) 

Substituting equation (19) into equation (22) 

5 6 7 8( ( ) ( ) ) 0i i f i r i bis f f f f T            (23) 
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Substituting equation (21) into equation (23) 

 5 6 7 8( ) ( ) sgn( ) 0i i f i r i beqis f f f f T K s             (24) 

Substituting equation (20) into equation (24) 

8 0if K s                                  (25) 

where 8i
i

Rf
J v

  is clearly greater than 0. To meet the arrival condition of sliding mode 

control, K is taken as 0 maxiv J
R
   (where, 0v  - vehicle brake initial velocity, maxiJ  - the 

maximum moment of inertia, and   - adjustment factor). 

4. Simulation analysis 
The main parameters used in the co-simulation are shown in Table 1, and it is assumed 

that the vehicle will brake in a straight line on a dry asphalt road at a constant speed. 

Table 1  Main simulation parameters  

Quantity Symbol Value 
Half vehicle mass m 800 kg 
Wheel inertia J 0.5 ( 2kg m ) 
Acceleration of gravity g 9.8 2m/ s  
Wheel radius R 0.36 m 
Braking initial speed 0v  80 km/h 

ABS failure speed 1v  10 km/h 

According to the simulation results, the control algorithm was constantly improved. The 
simulation results were compared to the results the classic PID control algorithm. The results 
verify the proposed algorithm based on slip ratio control, which includes the sliding mode 
control and classic PID control, and it can be concluded that the sliding mode control is more 
suitable than that of other algorithms in a vehicle equipped with an EMB system. The co-
simulation was carried out based on the simulation model and control model, as shown in 
Figure 4. 

 
Fig. 4  Simulation model of ABS based on the Slip Ratio Control 
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Figure 5 and Figure 6 show the vehicle and wheel speeds based on an electromechanical 
brake device controlled by the sliding mode and the classic PID. It is observed from Figure 5 
and Figure 6 that the two algorithms, based on slip ratio control, can achieve a good anti-lock 
brake function performance. The stopping time with sliding mode control is slightly shorter 
than that of the classic PID control. It is observed from Figure 6 that large fluctuations in 
wheel speed exist at the beginning of braking, which has a greater impact on the braking 
performance. 

Figure 7 and Figure 8 present the slip ratios of the four wheels controlled by the sliding 
mode control and classic PID control, respectively. The comparison shows that the wheels 
controlled by the two algorithms both can track over the desired slip rate well on dry asphalt. 
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Fig. 5  Speeds of the vehicle and wheels based on SMC 

 
Therefore, the vehicle with the electromechanical brake device installed can not only 

make better use of the longitudinal adhesion coefficient and shorten the brake distance but it 
can also obtain a larger lateral adhesion coefficient, which improves handling and stability 
during emergency braking. However, as observed from Figure 8, the vehicle cannot track over 
the desired slip rate exactly before 1 s. At the same time, in the simulation process, it is found 
that the classic PID control parameters needs to be tuned, and it is easy for the system to 
become unstable due to its high sensitivity. 
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Fig. 6  Vehicle and wheel speeds based on classic PID 
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Fig. 7  Slip ratios of four wheels based on SMC 
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Fig. 8  Slip ratios of four wheels based on classic PID 
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5. Conclusions 
In this paper, braking dynamics were analyzed based on a two-wheel vehicle model. 

Then, an electromechanical brake device was designed and a simulation model of a vehicle 
ABS based on the electromechanical brake device was established. The anti-lock brake 
system was regulated using the slip ratio control method, as well as sliding mode control and 
classic PID control. 

A co-simulation was carried out to verify the effectiveness of the application of sliding 
mode control and classic PID control on the electromechanical brake device. 
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