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Abstract. This paper focuses on the development of a robust fuzzy diding-mode
scheme for controlling a vehicle motion system by continuously adjusting the
brake torque, Fuzzy logic known for its properties of universal approximator
and diding mode control for its robustness in the presence of parameter
variations and the disturbances are employed to control the whedl dip ratein
emergency braking maneuver. Smulations under various road conditions are
performed to demonstrate the effectiveness of the proposed robust fuzzy sliding
mode controal.
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1. INTRODUCTION

One of the main areas of research being undertimk#re automotive industry is
that of vehicle chassis control in terms of hargllperformance, ride comfort and
traction/ braking performancibe 1999] The principle aim of this research is to
satisfy increasing safety, efficiency and comfatjuirements. Significant progress
has been achieved by the introduction and develapaieactive safety systems like
anti-lock braking systems (ABS), traction contrdlC), electronic stability program
(ESP) which have become an integral part of mogassenger vehicles. One of the
most popular active safety systems is the ABS wliiak dramatically improved
vehicle handling in braking maneuvers, it has bdeweloped initially to prevent
wheel lock-up when the brakes are activated byraatizally modulating the brake
pressure during the emergency stop. An ABS contiteds slip of each wheel to
prevent it from locking such that a high frictioa achieved and steerability is
maintained. ABS controllers are characterized bgust adaptive behavior with
respect to highly uncertain tyre characteristicel dast changing road surface
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propertie§SAE 1992] Some recent research proposes to use the adveoctd| to
design a new generation of the ABENn1990; Unsal 1999; Buckhort 2002; Layne
1993]

Research in the field can be classified accordinthé control methodology used.
Below, we present recent studies, which are todnepared with the solution given in
this study. The model-based approachDnakunov, 1995]applies a search for the
optimum brake torque via sliding modes. This apphoaequires the tyre force,
hence, a sliding observer is used to estimatehié. 8pproach is tested in hardware in
the loop simulatofKawabe 1997fand also in a vehicle. A derivative part depending
on the rotational acceleration is introduced ineortb reduce the chattering of the
sliding controller. InfFreeman 1995&nother theoretical approach is presented where
authors design an adaptive Lyapunov-based nonlimgsgel slip controller. This
controller has been extended[fu 1997] by introducing speed dependence of the
Lyapunov function and also including a model of tyalraulic circuit dynamics. A
feedback linearization to design a slip controifesuggested bfLiu and Sun 1995]
where gain scheduling is used to handle the vanatif the tyre friction curve with
respect to speed. [Taheri an Law 1991k simple PD wheel slip controller by the
Ziegler-Nichols rule is designed, focusing on thesiced slip value. The desired slip
is estimated by evaluating the switching of a cartiemal ABS. Additionally, a
modification of the desired slip according to theesing angle is also proposed. In
[Solyom 2003] the authors propose a gain-scheduling contratsire based on tire-
slip and maximum friction coefficients are not dilg measurable but can be
estimated. A method based on static-state feedbialcigitudinal slip is proposed in
[Baslamisli 2007] it does not involve controller scheduling with charmgiehicle
speed or road adhesion coefficient estimation

The present study propose a robust control metbodBS which combines fuzzy
logic and sliding mode for wheel slip control in emency braking case. The
structure of this paper is as follows. In sectignABS formulation is presented,
Section 3 provides an introduction to sliding mambatrol and to fuzzy logic, and
describes the structure and design method of theralalgorithm. The effectiveness
of the proposed method verified by simulation unslarious road conditions is
presented in Section 4. In Section 5, the main losians of the work are drawn.

2. ABSFORMULATION

21 ABSMODEL

The dynamic equations of ABS are the result of Nevet law applied to the wheels
and the vehicle[Layne 1993Jas shown in Figure 1. The vehicle dynamic is
determined by summing the total forces appliedhe vehicle during a braking
operation to obtain
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Figure 1Quarter car forcesand torques

(t) the velocity of the vehicle
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M the mass of the vehicle

B, the vehicle viscous friction
Ft

(t) the tractive force

Fy (6) the vertical force applied to the car
B, the viscous friction of the wheel
Jw the rotation inertia of the wheel

T, (t) the braking torque
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T, (t) the torque generated due to slip between the vdrekthe road surface
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where @ is the angle of inclination of the roadis the gravitational acceleration
constant, N, (6) is the vertical force applied to the wheel, apd ) id the

coefficient of friction.
Note that

(1) G

Is the angular velocity of vehicle, wheR, is the radius of the wheel.

The longitudinal slip is defined by

A(t)=

W, ( _:\;W (t) ®)

t)
w, (
It describes the normalized difference betweeratimular velocity of vehicle and the

angular velocity of wheel. The slip value af=0 characterizes the free motion of
the wheel where no friction forcE, is exerted. If the slip attains the value 1, then

the wheel is lockedw, =0)

2.2 FRICTION COEFFICIENT

It characterizes the road and has the propepti@s=0)=0 andp(A)>0 forA>0.

Its typical qualitative dependence on longitudisp A is shown in Figure 1. It
shows how the friction coefficient increases with slip. up to a valug,, where it

attains its maximum valye, . For higher slip values, the friction coefficiewill
decrease to a minimum, where the wheel is locked and only the slidingtioic will

act on the wheel. The longitudinal force gets semadls side slip angle is increased.
This physical phenomenon is the main motivation ABS brakes, since avoiding
high longitudinal slip values will maintain highestrability and lateral stability of the
vehicle during braking. Achieving this by manuahtiol is difficult because the slip
dynamics are fast and open loop unstable when tipgrat wheel slip values to the
right of any peak of the friction curve.

The dependence of friction on the road conditioshiewn in Figure 2. For dry and
wet roads
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Figure 2 Friction coefficient

Several tire friction models describing the nondindehavior are reported in the
literature. There are static models as well as dyaanodels. The most reputed tyre
model is by[Layne 1993]and by[Pacejka 1991]also known as « magic formula »
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and it is derived heuristically from experimentatal Here we use the expression in
[Burckhardt 1993]Jis derived with similar methodology whege is expressed as a

function of the wheel slip, and the vehicle velocityy

w(A,v)= [Cl (1-e%)- CQ»] g ©)
Surface
conditions C1 C2 C3
Asphalt, dry 1.029 17.16 0,523
Asphalt, wet 0,857 33,822 0,347
Concrete, dry 1,1973 25,168 0,5373
Cobblestones,
dry 1,3713 6,4565 0,6691
Cobblestones,
wet 0,4004 33,708 0,1204
Snow 0,1946 94,129 0,0646
Ice 0,05 306,39 0

Table 1Friction parameters

where the parameters are specified for differeradresurfaces. See Table 1
[Burckhardt 1993] The parameters in (9) denote the following:

C, maximum value of friction curve
C, friction curve shape
C friction curve difference between the maximum esdund the value at =1

w

C, wetness characteristic value and is in the rang@2-0.04s/m

23 WHEEL SLIPDYNAMICS

Using (1)-(8), for v>0 andw, >0, the wheel slip dynamics is obtained by
calculating the time derivative of (8) with respaztime
(1_2) Wv - WW

PP . (10)
w,

Substituting (2), (5) and (7) into (10)

A=F, (4,1)+G,u(t) (11)



1J-STA, Vol. 1, N° 1, June 2007 19
with

_(4Ft+BvRNWv+F6) (_BWWW+-I-I)

Fp(ﬂ,t)=(4F‘M+ ::VF}WVJM wR 2. (12)

W

G, =1/J, is a control gain which is a positive constani ar(t)=T, (t)/w, is a

control effort.
In nominal conditions, the system model is

A=F, (L1)+G,u(t) (13)

where F, (k,t), G, represent the nominal values of the system pasmthey are

measured au(k):0.9. If the uncertainties occur, then the controllgdtem can
modified as

A=[F, (L t)+AF, (A,1)]+[G, +AG, Ju(t)

(14)
=F, (At)+Gu(t)+w

n

where AF (A,t) and AG, denote the system uncertaintiew; is referred to as the
lump uncertainty an is defined as=AF, (A,t)+AG,u(t) with the assumption
|| <W, in whichW is a positive constant.

3. DESIGN STRATEGY

3.1 SLIDING MODE CONTROL

Here, we assume that the mathematical model ofAB® system is known. The
control objective is to find a control law so thie slip can't rack the desired
trajectoryA, . Define the tracking error as follows:

Ao (1) =2g (1)=A(t) (15)



20 1J-STA, Vol. 1, N° 1, June 2007

where A (t) is the output and., (t) is the reference trajectory. Then, define a stjdin
surface as

t

s(t) =X, (t)+k [ 2, (t)dT (16)

0

where k; is a positive constant. The sliding-mode controV a defined agUnsal
1999]

u(t) =g (t)+uy (t) (17)
where the equivalent controlle,, (t) is represented as
Ueq (t)=Gn_l |:_Fn (x’t)+7‘\’d (t)+k17\’e (t)] (18)

And the hitting controllew, (t)

u, (t)=G;' [ngn(s(t))] (19)

In which sgn(-) is a sign function. Substituting (17), (18) an@®)(Into (14), it is
revealed that

Ae (1) +kA, (1) =—w-Wsgn(s(t)) =5(t) (20)
Then, choose a Lyapunov function as
V= % S (t) (21)

Differentiating (21) with respect to time and usi{2®), it is obtained that
V =s(t)s(t)= —s(t)w—|s(t)|W
[s()]]wd~|s(B)]w =~—|s(t)] (W -|wf)<0

In summary, the SMC (Sliding Mode Control) systerasented in (17) can guarantee
the stability in the Lyapunov sense under variation

(22)

IN



IJ-STA, Vol. 1, N° 1, June 2007 21

3.2 FUZZY SLIDING MODE CONTROL

We assume that the mathematical model of the AB$ery is not known, to deal
with this problem. We propose the following approac

Assume that there amerules in a fuzzy rule base and each of them hafotloaving
form:

Rulei: If sis § Thenuis o; +p; *s (23)

where s is the input variable of the fuzzy systemjs the output variable of the
fuzzy system ;S are the membership functions afd,,f; )are singleton control

actions for . The defuzzification of the FSMC (Fu&liding Mode Control) output is
accomplished by the method of center-of grajlie 1990]

u=zn:vvi><(oci+Bis) Zn:vvi (24)

i=1

Wherew is the firing weight of thé" rule. Equation (15) can be rewritten as
u=(a" +B’s)E (25)

with o =[oy,...0,] s B=[B,,-B,] and&=[g,,...&,] is regressive vector with
¢, defined as

G =w/>w (26)

3.3 FSMC system with Bound Estimator

Assume that the ideal controller is known and camlibtained as

U (1) =G [ -F, (M) + (1) + kA, (1) ] 27)
Substituting (27) into (11) gives

A (t)+kA, (1) =0 (28)
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If we well choose the coefficienk, it is thaﬂ[im L. (t)=0, since the system

parameters may be unknown or perturbed, the ideafrailer u" (t) can not be
precisely implemented. Therefore, by the univeeggproximation theorenjwang
1994} there exists an optimal fuzzy controllef, (s, o’ ,B") such that

u’ (t):uﬁz(s,oa*,ﬁ*)+e:[oa”+B*T]§+e (30)

where ¢ is the approximation error and is assumed to bented by |¢|<E.

Employing a fuzzy controller to approximaté (t) as
dp, (s,&,ﬁ)=[&T +[§Ts]§ (31)

where (&B) are the estimated values(off). The control law for developed

FSMC is assumed to take the following form:

Ug (t)=ufz(s,6a,[§)+urID (s) (32)

where the fuzzy controlled,, is designed to approximate the ideal controlie(t)

and the robust controller,, (s) si designed to compensate for the difference betwe

the ideal controller and the fuzzy controller. Byostituting (32) into (11), it revealed
that

A=F, (L1)+G, [ﬁfz(s,&,ﬁ)+urb(s)} (33)

Multiplying (27) with G, added to (33) and using (15) and (16), the ezgpration
governing the system can be obtained as follows :

ke (£) A (1) =G, (U~ 0, —uy, ) = 8(t) (34)

Defineli=u’ -G, & =0 —&,p=p* —p and use (30), then

d,, :[&T +BT5]E_,+8 (35)

Define a Lyapunov function as
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v, (s(t), 6B, E):%§(t)+%ya+%gg+% E? (36)

whereE (t) = E - E (1), é(t) is the estimation of the approximation error bouantt)
m,, N, andmn, are positive constants

Differentiating (36) with respect to time and usi{34) and (35), it is obtained that
v, (s(t),&.B,E)

G . G . : G ..
=s(t)s(t)+—a'a+—p'p+—EE

M, N3 n,
=s(t)G, (ﬁcT§+ﬁTs(t)§+e—um)+&&T&+&BTB+&EE 37
n, LE P!
~T & AT | <2 B Gp =

=G, [s(t)§+n—J+GpB [s (t)§+—J+s(t)Gp(s—urb)+n—E
For achieviny, <0, we choose
o =—0= n,s(t)§ (38)
p=-P=ns ()¢ (39)
u, = Esgn(s(t)) sofG, )= E sgfs(t)) (40)
E(t) =—E(t) =, |s(t)|son(G, ) =, s(t) (41)
Equation (37) can be rewritten as
V, (s(t),6,E)=es(t)G, —E|s(t)||G
,(s(t).0E) =esi(t) G, ~E[s(t)] G, )

<—[s(t)||G,|(E [g) < ©

In summary, a Robust Fuzzy Sliding Mode Contraepresented in (32), whei,
is given in (31) with the parameteféc,f}) adjusted by ((38), (39)) and,, is given

in (40) with the parameteé adjusted by (41), by applying this law of contribie
system can be guaranteed to be stable.
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4 SIMULATION RESULTS

In all simulations, we consider two different ropeswet road forte [0,3]s and an

icy road fort > 3s. In the fuzzy sliding mode control (24), we choos®.

The parameters of the ABS used in this study
areM, = 4x342 kg,B, =6 Ns,J,=1.13Nm$,R, =0.33 m,B, =4 Ns and
g=9.8 m/$ [ Layne 1993] From figure 1, it is seen that the longitudinaice is

near 0.2, so the slip command is chosen as 0.2ed¥er, a reference model is
chosen as

Ag (t)=—101, (t)+10 (t) (43)

Figures (3.a) and (3.b) show simulations for theSABsing a sliding mode control
(SMC) design method described in section V wkth=100 and W =25, we can see

that the longitudinal slip. dose not tend to the slip commahd.

The second of simulations is realized by using pheposed fuzzy sliding mode
control (FSMC) presented in section VI with the graeterk, =100,n, =50,

M, =N, =1, we can clearly remark from figures (4.a) and (4ha} with this method,
the slip variable converge to the slip command
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5 CONCLUSION

In this study, we have proposed a new controlessafor an antilock braking system
(ABS) to maintain the braking force at maximum authieve robust performance in
various road conditions. We have also shown thetritmtion of the proposed

algorithm compared to sliding mod control methodn@ations demonstrate the
effectiveness of the algorithm proposed
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