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ABSTRACT In order to further improve the braking performance of the nonlinear antilock braking system
(ABS), an improved global sliding mode control scheme is presented. First, a nonlinear global sliding mode
surface is designed. The method can eliminate the reaching phase compared with conventional linear sliding
mode surface, and guarantee the system robustness during the whole control process. Then, a novel control
law is proposed to satisfy the sliding mode reaching condition, and the theoretical proof is given. Simulation
results demonstrate that the proposed global sliding mode control scheme enables the wheel slip-ratio to
converge to optimal value quickly with the small oscillation, and has relatively short braking distance and
braking time, which is very suitable to prevent the wheel from being locked during braking. The proposed
global sliding mode control scheme is verified by joint simulation using MATLAB and CarSim, and shows
good braking performance when the car is driving under extreme road conditions, which indicates the
effectiveness of the proposed sliding mode control scheme.

INDEX TERMS Antilock braking system (ABS), global sliding mode control, braking performance, slip-

ratio, MATLAB and CarSim.

I. INTRODUCTION

The antilock braking system(ABS) as an essential compo-
nent can improve safety and reliability of vehicle, have
been installed for some decades. The main function is
to prevent the wheel from being locked during braking
and increase braking performance. The main goal is to
design a controller and ensure the slip-ratio to maintain
the desired value, which will improve the wheel tractive
force and obtain an optimal later force from the road sur-
face. In this way, the braking distance and time are further
reduced, and the stability of vehicle is improved. Due to
the relationship between the road-tire adhesion coefficient
and slip-ratio is uncertain and nonlinear for various road
conditions, so it is vital to design a robust controller for the
nonlinear ABS [1].

At present, some scholars have proposed the friction
model between the road-tire adhesion coefficient and wheel
slip-ratio for different road conditions, such as the Magic
formula model [2], the LuGre friction model [3] and the
Burckhardt formula model [4]. These models accurately
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represent the adhesion coefficient, and provide the basic
theory to design the controller. Recently, many researchers
have proposed some control methods for ABS, such as PID
control [5], [6], intelligent control [7]-[10], and robust con-
trol [11]-[15]. These schemes try to accurately control the
slip-ratio to maximize effectiveness of the tire force in the
longitudinal direction.

Sliding mode control (SMC) theory is considered to be a
useful technique in the past several decades, and has received
much attention with many advantages, such as fast response,
robustness, and anti-interference. Some results have been
researched and obtained [16], [17]. In [16], SMC method
is applied to unmanned aerial vehicle. In [17], the adaptive
SMC based on local recurrent neural networks is used for the
underwater robot. At present, SMC scheme has been applied
to the ABS because of its excellent dynamic characteris-
tics and robustness. The adaptive SMC algorithm based on
the vehicle velocity estimation and tire-road friction coef-
ficient estimations for ABS is reported in [18]. Using dis-
turbance observer with a novel nonlinear sliding surface is
seen in [19]. In [20], a grey system modeling approach for
SMC is proposed for the ABS. In [21], sliding surface design
on the performance of SMC in ABS is studied. A modified
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optimal SMC method for the ABS is proposed in [22].
However, the robust characteristic is guaranteed only after
the system reaches the sliding surface, and robustness is
not guaranteed during the reaching phase. The global slid-
ing mode control is used to eliminate the reaching phase,
the critical point is to keep the system state trajectory on
the sliding mode surface, so the control scheme has better
robustness [23]-[27]. However, there are few papers on
global sliding mode control used in antilock braking systems.
However, there are few papers about global sliding mode
control used in ABS. In [28], an adaptive global sliding mode
control strategy for ABS is designed. In [29], a robust ABS
method based on global sliding mode control is proposed, but
its braking performance and control effect are not particularly
ideal. They ignore some external interference factors in the
process of designing the controller. No studies have been
reported in the literature concerning global sliding mode
control for ABS considering air resistance and wheel rolling
resistance.

To solve the problems mentioned above, we propose an
improved global sliding mode controller in this paper. First,
a global sliding mode surface is designed. It can guarantee
the robustness of system during the whole control process.
Then, an improved sliding mode control law is presented by
using an exponential function to drive the system states to the
sliding mode surface, which not only improves the braking
performance, but also keeps the slip rate near the expected
value. Simulation results show the proposed global sliding
mode control method can get well braking performance under
wet asphalt road condition and make the wheel slip-ratio
maintained at the desired slip-ratio. Finally, the validity of
the proposed algorithm is verified by joint simulation using
MATLAB and CarSim.

The rest of this article is organized as follows: Section II
describes the mathematical modeling. Section III discusses
the controller design. The simulation results are included
in section IV. Section V gives the joint simulation results
using MATLAB and CarSim, and section VI summarizes this
article.

Il. SYSTEM MODELING
The ABS has strong nonlinearity and uncertainty. It is diffi-
cult to describe the real vehicle dynamics. To simplify the
braking problem, we studied a quarter car model, and the
diagram is shown in Figure.1.

The nonlinear dynamic equations are established based on
the traditional mathematical model [25].
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FIGURE 1. A quarter car model.

where J is the moment of inertia of the wheel, w is the
angular velocity of the wheel, F; is longitudinal tire force
of the wheel, Fy is the rolling resistance of the wheel during
the braking operation, T, is driving torque, T} is the braking
torque, V is the longitudinal vehicle velocity, M is the mass
of the quarter vehicle, F, is the air resistance, u (A) is the
road-tire adhesion coefficient which is a function of the wheel
slip-ratio A, F, is the normal load on the tire, F, = Mg,
fo is the foundation coefficient, f; is the velocity influence
coefficient, f; is the scaling factor, f; is the air resistance
coefficient, A; is the area under the force of air resistance,
p is the air density.
The slip-ratio A is defined as the following equation.

5= V —wR ©)
Y
Taking the time derivative of slip-ratio, we have
. —aR+ (1 -0V
[ + i/ ) 7

Substituting (1)-(5) into equation (7) yields

).\_1 RFf  (1—-M)F, 1 R2+1—A
v\ M v \J M

R
Fau)+—=Tp (8
X Fp Q)+ 5T (8)

In the actual ABS, the slip-ratio A should be controlled at
the optimal slip-ratio A4, corresponding to the peak adhesion
coefficient pmax to maximize the use of ground adhesion.
However, the braking force is influenced by the road environ-
ment. Many empirical and analytical expressions have devel-
oped the road-tire friction coefficient w (A). In this paper,
we use a widely used Magic Formula (MF) model, it is given
as follows.

u (A) = Dsin{C arctan [BA — E (BA — arctan (BA))]} (9)

where B is the stiffness factor, C is the shape factor, D is
the peak value, E is the curvature factor. These coefficients
depend on the road conditions.

Then the time derivative of equation (9), we have

BCD [(1 B+ Hngz]

d
Zu) = .
l)»'u( ) {1 [BA — E (B\ — arctan (B/\))]z}
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FIGURE 2. Typical relationship between the adhesion coefficient and the
wheel slip-ratio on different road conditions.

cos {C arctan [BA — E (BA — arctan (BA))]}
(10)
The maximizing the braking force will be generated at the
optimal slip-ratio, making
an )
d
Combining with the equations (10) and (11), we have

li=2y =0 (11)

cos{C arctan [BA — E (BA — arctan (BA))]} =0 (12)

We can obtain the optimal slip-ratio A, for different road
conditions.

The famous MF model is used to analyze the results in
this paper. We choose two cases including dry concrete and
wet asphalt road for simulation analysis. The parameters are
given as follows, case 1: B = 6.0,C = 2.2, D = 0.9,
E =098;case2: B=6.0,C =2.1,D=0.78, E = 0.8 for
dry concrete and wet asphalt road, respectively. The typical
relationship curves are given in Figure.2. It is found that the
optimal slip-ratio is around 0.2, which is consistent with the
analysis results of other literature [30]. The MF model is used
for all subsequent simulations.

Ill. DESIGN SLIDING MODE CONTROLLER FOR ANTILOCK
BRAKING SYSTEM

SMC is a nonlinear feedback control scheme, and it can make
systems very robust to parameter perturbation and external
disturbances. The scheme consists of two steps. First of all,
the sliding mode surface is chosen. It can provide the desired
asymptotic behavior. Then, the control law is designed to
drive the state trajectories of the system onto the sliding
mode surface, and subsequently ensures the states stay on the
surface.

In this paper, the aim is to design a sliding mode controller
so that the wheel slip-ratio A can track the desired slip-ratio
Aq as fast as possible. The error equation of slip-ratio is given
as follows.

Xx(t) = A — g (13)
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A. DESIGNING SLIDING MODE SURFACE
Without loss of generality, the traditional linear sliding mode
surface is chosen as follows.

S (x, 1) = Kx () (14)

where K > 0.

The system response of traditional sliding mode control
can be divided into two parts: reaching mode and sliding
mode. Its robustness only exists in the sliding mode stage. For
the traditional controller design, there are several drawbacks,
such as robust performance is not ensured because the sliding
regime may occur only at the origin of the phase plane,
and response is sensitive to system perturbation during the
reaching phase. Compared with the traditional sliding mode
control, the global sliding mode control has a very robust
performance.

The global sliding mode surface introduces a nonlinear
function in the sliding mode switching function, thereby
eliminating the reaching mode of control system. It ensures
that the initial state of the system is located on it, the system is
constrained to the sliding surface by a sliding mode controller,
so the sliding mode invariably exists, and robust performance
is ensured throughout an entire response.

We define the nonlinear global sliding mode surface as

S(x,t) = Kx (t) — F (t) (15)

where K > 0. To guarantee sliding mode motion of the
system lies on the sliding surface in the beginning, the func-
tion F (¢) drives the system states in arbitrary state space
directly to the sliding surface without a reaching phase. One
of the advantages of the global sliding mode control is that it
can have sliding mode characteristics over the entire range
without a reaching phase. For this, the conditions of the
function F (¢) should be satisfied, that is

F (0) = Kx (0) (16a)
F({t)— 0 ast— o© (16b)
F (r) exists and is bounded (16¢)

In Eq.(16), condition (16a) represents the initial location of
the states on the sliding surface, (16b) represents asymptotic
stability, and (16¢c) represents the existence of the sliding
mode.

According to these conditions, the function F (¢) is given
as follows.

F@)=F Q)™ (17)

where > 0, and n is small enough.

From the function F (¢), we can see that the system state
is initially located in the sliding regime. The asymptotic
stability of the closed-loop system and the existence of a
sliding mode are all satisfied.

Substituting equation (17) into (15) yields

S(x,t) =Kx(t)—F(0)e ™ (18)
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Substituting equation (13) into (16a) yields
F (0) = K (2o — *a0) (19)

where A9 and Lg4¢ are the initial value of A and A4, respec-
tively. So we have

F(0) = —Kiy (20)

Then we will obtain the global sliding mode surface func-
tion.

S (x, 1) = Kx (t) + Krge ™™ 1)

B. DESIGNING SLIDING MODE CONTROL LAW
In the previous section, the designed sliding mode surface
can guarantee the asymptotic stability of the system. Next,
we will find the sliding mode control law to drive the state
trajectories of system onto the sliding surface in a limited
time, and maintain on the sliding mode surface.

The designed control law needs to satisfy the following
sliding mode reaching condition.

S, NS, 1) <0 (22)

Refs [24] and [25] using the traditional isotropic and
exponential reaching law, respectively. It is found that the
exponential reaching law can obtain better performance. The
traditional exponential reaching law is given.

S (x,1) = —ersgn (S (x, 1)) — €25 (x, 1) (23)

where ¢1 > 0, &2 > 0, sgn is the symbol function.

It is no difficult to prove the control law (23) can satisfy
the sliding mode reaching condition. The smaller numerical
parameters &1 and the larger numerical parameters &, are cho-
sen to speed up the arrival rate and reduce the chattering. But
the control law (23) will bring a certain chattering nearby the
equilibrium point of the system. The system states are unable
to eventually converge to an equilibrium point, which means
that the slip-ratio cannot eventually reach the expected value.
The steady-state characteristics of the system are not very
ideal. The main reasons are analyzed as follows. When the
states of the system reach the sliding mode surface, S (x, t) is
very small and the first term e1sgn (S (x, )) in (23) plays the
primary role. But it is only a constant value and cannot ensure
the states of the system converge to the origin, and the effect
of inertia will cause a certain amplitude of chattering.

To solve the above problem, we present an improved expo-
nential reaching law as

S, 1) =—er (In(1+ laiS (x, 1)) la2S (x,1)]
sgn (S (x,1)) — &S (x, 1)  (24)

where o1 > 0, ap > 0

When S (x, t) is large, the control law (24) can perform the
characteristic of control law (23), and the arrival rate is rapid
by existing the term (In (1 + |1 (x, 1)])) |@2S (x, #)|, so the
effect is much well than the control law (23).

When S (x, ¢) is small, In (1 + |1 S (x, t)]) will close to 0,
compared with control law (23), the arrival rate of the control
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law (24) is much slower, and the inertia is relatively small,
which means the chattering has significantly been reduced.
We introduce the following sliding mode control law

Tp (1) = Teq (1) + T (1) (25)

According to sliding mode equivalent control condition
S (x,t) = 0, the equivalent term T, (¢) is designed to
keep the system on the sliding surface. When S (x,t) # 0,
the switching term 7T (¢) is designed to compensate for the
discontinuous control.

Theorem 1: Considering the nonlinear vehicle ABS (8),
if the control law (25) is chosen as follows

J[(R> 1—a
Teq (1) = rI\T + N Fou ()
1—-AF, R’F
+ ( M) a Jf _ Vn)\de_m:| (26)

JvV
Ts (1) = ?{—81 (n (1 4 fa1S (x, D) leaS (x, )]

x sgn (S (x, 1))

— &8 (x, 1)} 27)
The reaching condition is established.

It is no difficult to prove that the reaching law chosen

by Theorem 1 satisfies the sliding mode reaching condition,
which can guarantee the system asymptotically stabilized via

the sliding mode surface (21).
Proof: We choose the Lyapunov function

1 2
V()= 3500 28)

The time derivative of V (¢) along the trajectory of the
system (8) is

V)=Sx1)S 1)
> ) ~

Vv J M

1 (R2 1-1 R
-y <— + 7) Fu )+ 2T (t)]
[ Ry
| J
X |oaS (x, )| sgn (S (x,1)) —&28 (x,1)]

=S (x,1) e —erIn[l+ |1 S (x, 1)[]

S, t)—erIn[l+ |o1S (x, )]
x |82 (6,0 = 287 () (29)
When S (x,1) <0,
@eﬂ”S (x,1) <0 30)
We have
V) <0 (31

When S (x,7) >

0, if anﬁ is small enough,
anﬂe"ﬂ S (x, t) may be ignored. In an actual vehicle antilock
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FIGURE 3. Simulation results for dry concrete without a controller and
Tp = 0: (a) velocity (b) slip-ratio.

braking system, Rjﬂ is very small. By choosing the proper
parameter 1, we can obtain

V) <0 (32)

Based on the above analysis, we can conclude that the pro-
posed control law (25) can satisfy the sliding mode reaching
condition.

IV. SIMULATION

In this section, we validate the effectiveness and performance
of the proposed global sliding mode control scheme by Mat-
lab simulation. In the process of designing the controller,
the two conflicting requirements must be taken into con-
sideration at the same time. The first requirement is that
the controller has a good transient response, the regulat-
ing time is rather short, and the overshot is very small.
The second emphasis is that the steady performance, such
as small steady error and accurately tracking capability.
In the simulation, we will draw comparisons the braking
performance among the traditional sliding mode controller,
the traditional global sliding mode controller, and the pro-
posed global sliding mode controller under the various road
conditions.
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FIGURE 4. Simulation results for wet asphalt without a controller and
Tp = 0: (a) velocity (b) slip-ratio.

TABLE 1. The parameters of the system.

J=11lkg-m>  M=415kg g=9.8m/s*> R=0.326m
p=129kg/m’  £,=0.01 £,=0.005 £,=0.539
A4,=2.04m’ £,=2.237

The performance and effectiveness of sliding mode con-
troller are verified in a series of numerical simulations. The
parameters of the system are given in Table 1.

In this simulation, we consider two cases, including
dry concrete and wet asphalt road. We can get the opti-
mal slip-ratio based on equation (12), they are 0.1938 and
0.1959 for case 1 and case 2, respectively, and this is consis-
tent with the analysis in Figure 2.

First, we carry out simulation research on the nonlinear
ABS without a controller. Considering the initial velocity is
25m/s with T}, = 0, the curves of velocity and slip-ratio are
shown for two cases in Figure 3 and Figure 4, respectively.
According to the simulation results, it can be intuitively
seen that the difference between vehicle velocity and wheel
velocity is small, so the slip-ratio is approximately equal to
ZEero.
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FIGURE 5. Simulation results for dry concrete without controller and
Tp = 1000N - m: (a) velocity (b) slip-ratio (c) braking distance.

For Figure 3(a) and Figure 4(a), we can see that the vehicle
velocity and wheel velocity will slowly decrease from the
starting point of 25m/s. This is because the air resistance and
rolling resistance will be taken into account when the vehicle
is running. Moreover, the higher the air resistance vehicle
velocity is, the greater the drag will be. So the vehicle velocity
will decrease faster at the beginning. Then it is going to go
down slower and slower, which is consistent with the actual
situation.
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FIGURE 6. Simulation results for wet asphalt without controller and
Tp = 1000N - m: (a) velocity (b) slip-ratio (c) braking distance.

In order to further verify the effectiveness of the system
without a controller, considering the initial velocity of the car
is 25m/s with T, = 1000N - m, the curves of velocity and
slip-ratio are shown for two cases in Figure 5 and Figure 6,
respectively. From Figure 5(b) and Figure 6(b), it is seen that
the slip-ratio will rise from O to 1, which indicates the wheels
appear to be locked when the braking torque is large enough.
When the braking torque is always applied, the wheel will be
locked until the whole vehicle stops. Especially in wet asphalt
road condition, under the action of braking torque, the wheel
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FIGURE 7. Simulation results for wet asphalt with linear sliding mode
controller using traditional exponential reaching law: (a) velocity (b)
slip-ratio (c) braking distance.

velocity becomes zero when the time is 0.4778 s, the vehicle
velocity is about 21.3 m/s, the wheel appears to be locked.
By analyzing the above simulation results, the model of ABS
is established to meet the requirements. Also, the braking
performance parameters are given in Table 2. The comparison
shows that there are a greater braking distance and time on
the wet asphalt pavement. The road condition is rather bad,
so we choose wet asphalt pavement as the controller research
simulation environment.
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FIGURE 8. Simulation results for wet asphalt with global sliding mode
controller using traditional exponential reaching law: (a) velocity (b)
slip-ratio (c) braking distance.

TABLE 2. Braking performance for two cases without controller and
Tp = 1000N - m.

braking distance(m) braking time(s)
dry concrete 38.69 3.211
wet asphalt 53.98 4.614

In this section, simulation results are carried out using wet
asphalt in order to investigate the performance of the sliding
mode controller using the traditional exponential reaching
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FIGURE 9. Simulation results for wet asphalt with global sliding mode
controller using an improved exponential reaching law: (a) velocity (b)
slip-ratio (c) braking distance.

law. The parameters of sliding mode surface and control law
are K = 1, n = 26,1 = 0.7, & = 6, a1 = 100,
oy = 1. Figure.7 and Figure 8 give the simulation results
to study the performance of the traditional global sliding
mode controller and the linear sliding mode controller. The
braking performance results are shown in Table 3. We can
see that the global sliding mode control scheme can obtain
fast and stable responses. The slip-ratio has small chattering.
The scheme has a smaller braking distance and braking time,
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FIGURE 11. Joint simulation results for wet asphalt with linear sliding
mode controller using traditional exponential reaching law: (a) velocity
(b) braking distance.

which indicates the global sliding mode control method is
very suitable for the vehicle antilock braking system.

In order to improve the braking performance, the simu-
lation results of the global sliding mode controller with an
improved exponential reaching law are given in Figure 9. The
braking performance results are shown in Table 3. As can
be seen from Figure 9 (a), the vehicle velocity and wheel
velocity are relatively smooth, which shows the proposed
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FIGURE 12. Joint simulation results for wet asphalt with global sliding
mode controller using traditional exponential reaching law: (a) velocity
(b) braking distance.

TABLE 3. Comparison of braking distance and braking time of three
different control methods.

braking braking
distance (m) time (s)
linear sliding mode controller 39.22 3.394
global sliding mode controller with
o, . . 38.80 3.391
traditional exponential reaching law
global sliding mode controller with an
. . . 38.55 3.117
improved exponential reaching law

global sliding mode control scheme has good robustness.
In Figure 9 (b), the proposed controller makes the wheel slip-
ratio maintained at the desired slip-ratio. However, the other
methods bring about the fluctuation of the slip-ratio. Simul-
taneously, the proposed scheme has a smaller braking dis-
tance and braking time and shows good braking performance.
Therefore, the proposed controller has a better performance
compared with the other controllers. It is very suited to the
nonlinear antilock braking system.

V. JOINT SIMULATION USING MATLAB AND CARSIM
The quarter car model used for the simulation is a simplified
model, ignoring the influence of pitch, roll and yaw motion,
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FIGURE 13. Joint simulation results for wet asphalt with global sliding
mode controller using an improved exponential reaching law: (a) velocity
(b) braking distance.

suspension, and tire dynamics. The actual braking situation
of vehicle is more complicated than the theory. To further
verify the practicability of the control method, MATLAB
and CarSim will be used for joint simulation. CarSim is a
vehicle simulation software for vehicle dynamics simulation
research. It can define various vehicle parameters in detail in
the database of its main interface and sub-interface, and flex-
ibly set the simulation environment and simulation process.
So joint simulation can further verify the practicability of the
proposed control method.

The braking performances of three controllers are validated
using a B-Class, Hatchback 2012 (No ABS) car running on
wet asphalt road with an initial velocity of 25m/s. The main
interface of CarSim is shown in Figure 10.

For traditional linear sliding mode control, traditional
global sliding mode control, and improved global sliding
mode controller, the curves including vehicle speed, wheel
speed and braking distance are shown in Figures 11-13,
respectively. The braking performance results of the three
control methods are given in Table 4.

The joint simulation results show that the global sliding
mode controller with improved exponential reaching law
among the three control methods has the shortest braking
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TABLE 4. Comparison of braking performance of three control methods
using MATLAB and CarSim joint simulation.

braking distance | braking time
(m) ()

linear sliding mode controller 47.81 3.894
global sliding mode controller with

- . . 47.25 3.862
traditional exponential reaching law

global sliding mode controller with an

. . . 46.39 3.806
improved exponential reaching law

distance and the braking time. It has the best braking per-
formance. Compared with the traditional linear sliding mode
controller, the braking distance is shortened by 1.42 m. The
results are consistent with the MATLAB simulation results
given in Section IV, which proves the feasibility of designed
controller.

VI. CONCLUSION

A novel global sliding mode controller for the nonlinear ABS
has been studied in this paper. First, we study the ABS on dry
concrete and wet asphalt without a controller, considering the
initial velocity of car is 25m/s with T, = 0 and 7, = 1000N -
m, respectively. The effectiveness and accuracy of the system
is verified by simulation research. It is found that there are a
greater braking distance and braking time on the wet asphalt
road. Then, the global sliding mode surface is designed for
the ABS under a wet asphalt road. The traditional exponential
reaching law is given to satisfy the sliding mode reaching
condition. The control performance between the traditional
linear sliding mode controller and the global sliding mode
controller is compared and analyzed. The simulation results
show that the traditional global sliding mode control scheme
has a better braking performance. Finally, based on the tra-
ditional exponential reaching law, an improved exponential
control law is proposed. The simulation results show that
the effectiveness of the proposed global sliding mode control
scheme has a better braking performance. Its wheel slip rate
is maintained near the ideal wheel slip rate, which reduces
the chattering problem. The proposed control scheme can
obtain global robustness. It can be used effectively to control
the ABS. The joint simulation using MATLAB and CarSim
platform has obtained consistent results, further proving the
practicability of the proposed global sliding mode control
scheme. However, our research is only performed on wet
asphalt pavements and not simulated on other pavements. The
actual pavement is often more complicated, and the friction
coefficient varies. In the future, we will consider pavements
with variable friction coefficients for research.
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