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Self-Learning Fuzzy Sliding-Mode Control for Antilock Braking Systems
Chih-Min Lin and Chun-Fei Hsu

Abstract—The antilock braking system (ABS) is designed to op- problem of ABS for the unknown environmental parameters [2],
timize braking effectiveness and maintain steerability; however, [3], [5]. However, the large amount of the fuzzy rules makes the

the ABS performance will be degraded in the case of severe road 55)vsis complex. Some researchers have proposed fuzzy con-
conditions. In this study, a self-learning fuzzy sliding-mode con-

trol (SLFSMC) design method is proposed for ABS. The SLFSMC trol design methods based on the sliding-mode contr.ol_ (SMC)
ABS will modulate the brake torque for optimum braking. The ~ Scheme. These approaches are referred to as fuzzy sliding-mode
SLFSMC system is comprised of a fuzzy controller and a robust control (FSMC) design methods [8], [9]. Since only one variable
controller. The fuzzy controller is designed to mimic an ideal con- js defined as the fuzzy input variable, the main advantage of the
troller and the robust controller is designed to compensate for the FSMC is it requires fewer fuzzy rules than FC does. Moreover
approximation error between the ideal controller and the fuzzy - C .
controller. The tuning algorithms of the controller are derived in th? FSMC system has more robustness against parameter varl-
the Lyapunov sense; thus, the stability of the system can be guaran- ation [9]. Although FC and FSMC are both effective methods,
teed. Also, the derivation of the proposed SLFSMC ABS does not their major drawback is that the fuzzy rules should be previ-
need to use a vehicle-braking model. Simulations are performed ously tuned by time-consuming trial-and-error procedures. To
to demonstrate the effectiveness of the proposed SLFSMC ABS in tackle this problem, adaptive fuzzy control (AFC) based on the
adapting to changes for various road conditions. . . .
Lyapunov synthesis approach has been extensively studied [10],

Index Terms—Adaptive law, antilock braking system (ABS), [11]. With this approach, the fuzzy rules can be automatically
fuzzy —approximator, fuzzy control (FC), global stability, aqiysted to achieve satisfactory system response by an adaptive
sliding-mode control. law

The motivation of this study is to propose a self-learning
I. INTRODUCTION fuzzy sliding-mode control (SLFSMC) design method for ABS.

MOTOR vehicle has large amount of kinetic energy as it |4§] the proposed SLFSMC system, a fuzzy controller is the main

driven. When the brakes are applied, the kinetic energyg?cking controller, which is used to mimic an ideal controller;
the vehicle is dissipated as heat energy within the brake disﬁg,d a robust CO””‘?”er is derived to compensate for the differ-
Ice between the ideal controller and the fuzzy controller. The

and between the wheels and the pavement. In order to imp SMC has the advant that it ; tically adiust th
ment an advanced vehicle control system that provides desi as ne advantages that It can automatically agjust the
zzy rules, similar to the AFC, and can reduce the fuzzy rules,

safety and vehicle motion, an antilock braking system (AB ) . ) .
y g sy ( imilar to the FSMC. Moreover, an error estimation mechanism

should maintain brake torque to provide maximum wheel trag-, . S
tion force. Moreover, there are difficulties in designing an ABS investigated to observe the bound of approximation error. Al

because the vehicle-braking dynamics are nonlinear and th %amet.e'rs in SLESMC are tuned in the Lyapun'ov sense, thus,
are unknown environmental parameters. Currently, most co ¢ _Stab'l'w of f[he system can be guaranteed. Fl_nally, two sim-
mercial ABSs are based on alook-up tabular approach. These §%'°n scenarios are examined and a comparison between a
bles are calibrated through iterative laboratory experiments a% C. an FSMC, and the proposed SLFSMC is made.
engineering field tests. Therefore, these systems are not adaptive
and issues such as robustness are not addressed. Many different
control methods for ABS have been developed and research oithe dynamic equations of ABS are the result of Newton’s law
improved control methods is continuing [1]-[6]. However, mosipplied to the wheels and the vehicle [2]. The vehicle dynamic
of these approaches require system models, and some of thiedetermined by summing the total forces applied to the vehicle
cannot achieve satisfactory performance under the changeslafing a braking operation to obtain
various road conditions. . 1
Fuzzy control (FC) using linguistic information can model Vu(t) = YA [4F;(t) + ByVy(t) + F(8)] 1)
the qualitative aspects of human knowledge with several advan- v
tages such as robustness, universal approximation theoremwhereV, (¢) is the velocity of the vehiclel/, is the mass of the
rule-based algorithm [7]. FC has been proposed to tackle ¥@hicle; B, is the vehicle viscous friction/ () is the tractive
force, andFy(#) is the force applied to the car which results
from a vertical gradient in the road so that
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whereN, () is the nominal wheel reaction force applied to th. 400
wheel, andu()) is the coefficient of friction. For this model,
assume that the vehicle has four wheels and the weight of -
vehicle is evenly distributed between these wheels. TNe(¥)
can be expressed by

Tractive force for dry asphalt road
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Tractive force for wet asphalt road

N, (0) = ]Vi“g cos(8). (4)

Since the tern¥/, (t)/R,, is the angular velocity of the vehicle

. : . ‘ Lateral f
with respect to the wheel angular velocity, denote this quanti el foree
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as Tractive force for icy road
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w, (t (5)
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where R, is the radius of the wheel. The wheel dynamic i . . . : , - ‘ :
determined by summing the rotational torques which are appli 00 10 20 30 40 5 60 70 8 90 100
to the wheel to obtain Brake slip (%)
] 1 ' . . .
ww(t) — J_ [—Tb (t) _ waw(t) + Tt(t)] (6) Fig. 1. Tractive forces and lateral force versus slip ratio.
w

wherew,,(t) is the angular velocity of the wheel,, is the rota- is a nonlinear dynamic functioy, = 1/J,, is a control gain
tion inertia of the wheelB,, is the viscous friction of the wheel, which is a positive constant, andt) = T, (t)/w, is a control

T, (t) is the braking torque, arif}(¢) is the torque generated dueeffort. Assume that the parameters of the system are well known
to slip between the wheel and the road surface. In geriBi@), and rewriting (10), it can represent the nominal model as

is a function of the forcé"; (¢) expressed between the wheel and .

the road surface as A =Fa(A t) + Goult) (11)

Ti(t) = Ry Fi(t). (7) whereF, (), t) and@,, are the nominal values df, (), ¢) and

o ] ] G, respectively. The system parameters in the nominal condi-
The control objective of ABS is to regulate wheel slip to maxigon are measured al)\) = 0.9. If the uncertainties occur, then

mize the coefficient of friction between the wheel and the rogfle ontrolled system can be modified as
for any given road surface. In general, the coefficient of friction
w during a braking operation can be described as a function of A =[F.(\ )+ AF(N, 0] + [Gr + AG]u(t)
the slipA, which is defined as — Fy(M, 1) + Grult) + w (12)
Wy (1) — Way(t)
o) (8) whereAF(), t) and AG denote the system uncertainties;

is referred to as the lump uncertainty and is definedvas-
The tractive forces have been measured in [2], [12]. The resuk$7(\, ¢) + AGu(t) with the assumptiofiw| < W, in which
of these experiments were approximated for dry asphalt, wgt js a positive constant. The design of ABS is based on the
asphalt, and icy roads, as shown in Fig. 1 [2]. In addition to tRgsumption that the vehicle and wheel speeds are both avail-
tractive forces, the wheel must also generate a lateral forceatfle. Some techniques used a wheel speed sensor to measure
direct the vehicle. Like the tractive forces, the later force is al§Re wheel speed and used an estimation algorithm to estimate
dependent on the S||p ratio. The lateral force will be decreaS% vehicle Speed [6] In recent years, some vehicle Companies
as the slip is increased, which is also shown in Fig. 1 [12]. Thusch as BMW company has used both vehicle and wheel speed

the steering ability will be decreased as the slip is increased.sensors to measure vehicle and wheel speeds, respectively [13].
During braking, the wheel slip has been defined as (8). Taking

the time derivative, it is revealed that

A(t) =

I1l. SLIDING-MODE CONTROL SYSTEM

§ = (1= N — ’“"w' 9) The control objective is to find a control law so that the slip
Wy can track the desired trajectoky(¢). Define the tracking error
Substituting (1), (5) and (6) into (9), it is obtained that as follows:
A= F,(\ t) + Gyu(t) (10) Ae(t) = Aa(t) — A(t) (13)
where where\(t) is the output and\,(t) is the reference trajectory,
AF, + B,Ryw, + F, which is specified by the command inplt(¢) followed by a
Fpy(A\ 1) = ( M.ER.w ) A reference model. Then, define a sliding surface as
—(4F +ByRywy+Fp)  (=BuWu+Ty) t
S— T s(8) = Aelt) + / Ne(r) dr (14)
Wy JO
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Fig. 2. SLFSMC ABS.

wherek;, is a positive constant. The sliding-mode control law ithe chattering phenomenon, the sign functionin (17) is replaced
defined as [6] by a hyperbolic tangent function in this paper.

Usin (1) = Ueq (t) + wnt () (15) IV, SLFSMC SYSTEM

In designing an SMC system, it is necessary to know the
system models and to find the inverse form of inertia term in
system dynamics. However, the accurate mathematical models
are always difficult to formulate or even not available. To solve
these problems, an SLFSMC system shown in Fig. 2 is proposed

f\;;gt;hzshlttmg controllet,;(t) is designed to dispel the uncer- ol the ABS.

where the equivalent controllet,(¢) is represented as

Ueg(t) = G [—Fn(A, £) + ha(t) + mﬁ(t)} (16)

- A. Fuzzy Sliding-Mode Control System
wne(t) = G [W sgn(s(t))] (a7 Y =1 >

Assume that there are rules in a fuzzy rule base and each
in which sgn(.) is a sign function. Substituting (15), (16), and>f them has the following form:

(17) into (12), it is revealed that ) s _
Rulei: If sis S; Thenu is «; (21)
Ae(t) + Frde(t) = —w — Wsgn(s(t)) = 5(1)- (18)  \wheres is the input variable of the fuzzy systemis the output
variable of the fuzzy systens; are the triangular-type mem-
bership functions; and.; are the singleton control actions for
s2(t). (19) ¢ = 1,2,..., m. The defuzzification of the FSMC output is
accomplished by the method of center-of-gravity [7]

Differentiating (19) with respect to time and using (18), it is

obtained that u= zm:wi X O‘t/i w; (22)
=1 =1

Vi =s(t)$(t) = —s(t)w — |s(t)|W

Then, choose a Lyapunov function as

wherew; is the firing weight of theth rule. Equation (22) can

< [s(®)] [w] = |s(OIW be rewritten as
=—[s(O)|(W — |w]) < 0. (20)
u=a’t (23)
In summary, the SMC system presented in (15) can guarantee
the stability in the Lyapunov sense even under parameter va¥erea = [ay, as, ..., a,,|" is a parameter vector agd=
ations. However, to satisfy the existence condition, a large Uiz, &2, - - -, &m]” is @ regressive vector witf) defined as

usually results in large and chattering control efforts. The chat-

tering phenomena is undesirable in most applications. To reduce

certainty boundV should be chosen. In this case, the controller m
L=w / > wi. (24)
=1
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For the conventional FSMC, the control actiensshould be ferentiating (33) with respect to time and using (31) and (32), it
previously assigned through a lot of trials to achieve satisfas-obtained that

tory control performance. In the following, the self-learning al- . o
gorithm will be proposed to tune these control actions on line. Va (S(t)v a; E)
. Gy 7= G, ~ =
B. SLFSMC System With Bound Estimator = s(t)s(t) + ﬂ_f a’a+ 77_: EE
Assume that the parameters of the system (10) are well T Gy .- p ==
known, then an ideal controller can be obtained as = s(Gp(a 4 —up) + meet, EE
ur(t) =G, [—Fp()\, t) + Aa(t) + kg)\ﬁ(t)} . (25) =GpaT <3(1‘)§ + 7%) + 5(t)Gp(e — upp) + U—p EE.
1 2
Substituting (25) into (10) gives (34)
}\g(t) + kao(t) = 0. (26) For achievingl, < 0, the adaptive laws of the SLFSMC are
chosen as
If ko is chosen to correspond to the coefficients of a Hurwitz L ’ 35
polynomial, it is thus implying thalim; ... A.(¢) = 0. Since a="a= ms(t)g ) (35)
the system parameters may be unknown or perturbed, the ideal Uy = Esgn(s(t))sgn(Gp) = Esgn(s(t)) (36)
controlleru*(t) can not be precisely implemented. Therefore, E(t) — —E‘(t) = nols(t)|sgn(G,) = mals(t)] (37)

by the universal approximation theorem [10], there exists an

optimal fuzzy controlleru}_ (s, a*) in the form of (23) such then (34) can be rewritten as
that . .
Va (s(t), @ E) =es()Gy — Els()] |Gyl

Ch=ups el resatite @D <—ls(|1G,|(E - Jel) <0. (38)

wheres isthe appro_ximation errorand isAassumAed tobe bou”dﬁ\dsummary, the SLFSMC is presented in (29), wheye is
by || S*E' Employing a fuzzy controllei. ;- (s, &) to approx-  given in (28) with the parameteésadjusted by (35) and,,, is
imatew” (1) as given in (36) with the parametét adjusted by (37). By applying

ipa(s, &) = aTe 28) these adaptive laws, the SLFSMC system can be guaranteed to

be stable.
wherea is the estimated values ef*. The control law for the
developed SLFSMC is assumed to take the following form: V. SIMULATION RESULTS
) R For simulations, the parameters of the ABS used in this study
tag(t) = tpz(s, &) + urp(s) (29 aren, — 4 x 342 kg, B, — 6 NS, Ju, — 1.13 Nm, Ry, —

where the fuzzy controlleii;. is designed to approximate the-33 M. Bu = 4 Ns, andg = 9.8 m/s’ [2]. From Fig. 1, it

ideal controllen*(¢) and the robust controller,,, is designed to is seen that the tractive forces for different road conditions are

compensate for the difference between the ideal controller aR@ximized neai = 20%, so the slip comman. is chosen as
the fuzzy controller. By substituting (29) into (10), it is reveale{-2- Moreover, a reference model is chosen as

that Aa(t) = =10.0Ag(t) 4+ 10Ac(2). (39)

A= Fp(A, t) + Gpligs(s, @) + urp(s)]. (30) ' And, the maximum braking torque is limited at 1200 N-m. Due

Multiplying (25) with G,, added to (30) and using (13) anq[o the fact that the wheel and vehicle velocity are nearly zero at

(14), the error equation governing the system can be obtaindy speeds, the magnitude of slip tends to infinity as the vehicle
as féllows- Speed approaches zero. Therefore, simulations are conducted up

to the point where the vehicle is slowed to approximate to 5 m/s.

}\F,(t) F Eado(t) = Gp(u* — s — upp) = 5(t). (31) The SMC design method described in Section Il is simu-
lated for the ABS. The simulation results for dry asphalt using

Definedys, = u* — 4., @ = a* — a and use (27), then it is SMC are shown in Fig. 3(a)—(c) withy = 100 andW = 25.

obtained that The simulations for transition between various road conditions
using SMC are shown in Fig. 3(d)—(f). The simulation results

. =a"€+e. (32) illustrate that the SMC can achieve satisfactory control perfor-

mance for dry asphalt; however, it fails to perform well under ex-
treme road transition to the icy road. For comparison, an FSMC
. 1 G, . G, -~ using the fuzzy-rule-based algorithm is applied for ABS con-

V2 (S(t)> @, E) =3 () + 5 -alat ﬁ E* (33) ol [2], [3], [5]. The simulation results for dry asphalt using

FSMC are shown in Fig. 4(a)—(c). The simulations for transi-

whereE(t) = E — E(t), E(t) is the estimation of the approx-tion between various road conditions using FSMC are shown in
imation error bound, ang; andns are positive constants. Dif- Fig. 4(d)—(f). From Fig. 4(c), it is seen that the slip tracking can

Define a Lyapunov function as
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Fig. 3. Simulation results of sliding-mode control ABS. Fig. 4. Simulation results of FSMC ABS.

be achieved after two seconds for the dry asphalt; and there gansition between various road conditions using SLFSMC
ists transient response for the road transition in Fig. 4(f). Morare shown in Fig. 5(d)—(f). Comparing Fig. 5(c) and (f) with
over, the fuzzy rules must be determined by prior time-cofig. 4(c) and (f), respectively, it is seen that the SLFSMC can
suming trial-and-error procedures. To tackle this problem, tlaehieve faster tracking convergence than FSMC for both dry
proposed SLFSMC system was applied for the ABS. The pasphalt and road transition cases. Besides these advantages, it
rameters of the SLFSMC system are selectedsas= 100, should be emphasized that the derivation of the SLFSMC ABS
1 = 50, andn, = 1. The simulation results for dry asphaltdoes not need to use the model in (10), and the fuzzy rules are
using SLFSMC are shown in Fig. 5(a)—(c). The simulations féearned from the developed adaptive laws.
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Fig. 5. Simulation results of SLFSMC ABS.

VI. CONCLUSION

In this study, an SLFSMC system was proposed to control
an ABS. This paper has successfully demonstrated that the
SLFSMC system can achieve favorable tracking and robust
performance with regard to various road condition and road
transition in simulation. The tuning algorithms of SLFSMC are
derived in the Lyapunov sense, thus, the stability of the control
system can be guaranteed. Compared with sliding-mode control
and FSMC ABS, it is seen that the SLFSMC ABS can achieve
the best tracking performance for various road conditions.
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