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Abstract Many tire fault monitors are designed nowadays because tire failure is proved to be one
of the main causes of traffic accidents, However, most of them are of high manufacturing cost and
unreliable. A new practical tire fault observer is devoted, Based on the introduced dynamic tire/
road friction model that considers external disturbances, the observer estimates and tracks the
changes of tire/road friction conditions using vehicle track forces and wheel angular velocity infor-
mation to carry out tire fault diagnosis . Since the wheel speed sensor is a basic component of nor-
mal anti-lock brake system (ABS), the observer proposed could be easily realized in low cost
within the anti-lock brake system.

Key words Tire/road friction estirnation, nonlinear observer, strong practically stable, fault ob-
server

1 Introduction

Nowadays, people find out that many traffic accidents, especially some really bad
ones, are caused by tire failure. Therefore, to measure and monitor the tire and ensure the
road surface friction in a cruising state well within the safe limit 1s important. In the last
decade, there were numerous papers on it, One basic way to solve this problem 1s to model
tire/road friction and to estimate the related parameters online so as to monitor the state of
the tire indirectly. The most often used description of the tire/road model 1s a set of curves
of the wheel slip with which the normalized friction force is defined. And based on it, the
tire/road friction condition could be analyzed'??..

In this field, the two analytical models presented by Bakker ez al.*'are often used by
researchers. In these two models, y=F/F,(where F denotes the Friction force and F, de-
notes the normal force) is mainly determined by the wheel slip s with regard to some other
parameters such as speed. Here s is defined as

11—, ifo> rwsv 7#= 0, braking

U

1 Y, o< rwsw 7= 0y driving

. Ya)

where r is the radius of the wheel, w 1s the angular velocity, v is the longitudinal velocity.
The two curves shown in the following Fig. 1, which are obtained by Harned et

al.™, demonstrate the typical relation between y and s under different road conditions.

However, this model lacks a physical interpretation and it is difficult to put into use for

too many parameters are underdetermined.
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Fig.1 Relationship between coefficient of road adhesion x and longitudinal slip s
for different road surface conditions"

Recently, dynamic friction models, such as the one presented by Candudas de Wit et
al. in [ 5], have been proposed successfully to identify and compensate for the friction in
mechanical systems. In [ 6 ] Candudas de Wit et al. used the so called LuGre model to esti-
mate a parameter in the model that reflects changes in the tire/road characteristics for the
first time. In this paper, both the angular and longitudinal velocities are assumed to be
measurable, Since in some application the longitudinal velocity cannot be obtained, it is
necessary to design an observer to estimate the slip ratio using the angular information on-

ly. In{7] and [ 8], Candudas de Wit, Jingang Yi, et al. formulated the model together
with a new nonlinear observer to solve this problem.

This paper is devoted to extending the approach of [ 7] and [ 8] in two ways. First,
the inevitable disturbance of the model parameter is considered in the model since the actu-
al road condition parameter should be varied within a certain range for a certain time. Sec-
ond, a proper fault detection rule should be set associated with the system when it is used
as a fault observer. In order to achieve these two goals, a modified model is proposed and
a novel fault observer for the tire/road contact friction is constructed based on strong prac-
tically stable theory. The rest of this paper is arranged as follows: Section 2 brings for-
ward the formulations of the observer problem; Section 3 presents how to construct the
fault observer and its basic characteristics; Section 4 provides some simulation results to
show the feasibility of this approach; finally Section 5 concludes the paper.

2 Problem formulation

A potential advantage of such models is their ability to describe closely some of the
physical phenomena found in road/tire friction (i. e. hysteresis loops, pre-sliding displace-
ment, etc), and to depend on a parameter directly related with the phenomena to be ob-
served, for instance, the change on the road characteristics (i. e. dry or wet). Dynamic
models can be formulated as a lumped or distributed ones.

The lumped friction model proposed by Canudas-de-Wit and Tsiotras'® is based on a
similar dynamic friction model for contact-point friction problems developed previously,
which ts called LuGre model. The model given below has been proved to be a good approx-

imation of distributed tire/road friction models that are able to represent the typical char-
acteristics as the ones displayed by Fig. 1.

; 0o ‘ Uy
——y — 1
2 v, — 8 (0. 2 (1)
F=(oozt+0c12—0,v.)F, (2)
with g(v,) =pu 4 (u,—u)e” 1 %/% 1 V2 where g, is the rubber longitudinal stiffness, g, is the

rubber longitudinal damping, ¢, is the viscous relative damping, g, is the normalized static
friction coefficient, and g, is the normalized Coulomb friction. v, is the Stribeck relative
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velocity, F, is the normal {force, and v, =v—rw is the relative velocity. z is an introduced
parameter denoting the internal friction state. Surfaces are very irregular at the microscop-
ic level and two surfaces therefore make contact at a number of asperities. It could be
viewed as two rigid bodies that make contact though elastic bristles. 2 could be viewed as
the average deflection of those bristles.

Here, @ is an undetermined parameter of the tire/road condition on which we focus in
this paper. It will change with the variation of the road condition if the tire condition does
not change. Under normal tire pressure, some typical data of it is: for dry asphalt condi-
tions, §=1; for wet asphalt conditions, §=2. 5 and for snow conditions, #=4. The abnor-
mal tire pressure will lead to significant variation of 6.

In most of the previous works, no disturbance is considered in the modeling process.
However, the road condition could not be ideal and should be varied within a certain
range. In this paper, we model all the disturbance into the variation of § as the following

A=c¢ (3)
where ¢ represents the certain stable stochastic disturbance process. Since the highway
road condition does not vary abruptly, without loss of generality, we could assume this
disturbance satisfies;

1) ¢ is bounded as |e| <<z, 7>0;

¢

— o —

2)0 is bounded, i.e. |8—8|= |8, + ledt — 0| <Ab...,» where §, denotes the initial

0
value of @ and 0 denotes the expectation of 4.

The values of r and A8,,., should be determined by actual environment. From practical
tests, we could see that these values are normally small. So estimating and monitoring the
value of @ could detect a fault if the value of 8 becomes especially abnormal. In the follow-
ing parts, we will see how to design a fault observer {for § and how to get a fault detection
rule. Before further discussion, let’s review some basic properties of this model.

Remark 1. the model has the following important properties:

D 1=z2p,=2g(v,) =2p. 20, Vv, €R;
11) f(v,) —g[ (ij I) is positive and bounded and f (v,) is also bounded, 1. e., 0 f(v,)<p,
0| f (v,) | <p,» Vv, E€ER.
Considering the lumped tire/road friction model together with velocity dynamics, the
estimation model can be formulated as follows
mv = 4F — gmgv (4)
Jo =—7rF —ur (5)
where J and m are the inertia and 1/4 mass of the wheel, respectively. The term ¢, 1s the
rolling resistance coefficient and g is the gravity constant,
Assume that only the variable « is measurable, and the lumped friction parameters
with =1 have been identified offline (see Table 1 for sample data from Triangle Tire Cor-
poration).

Table 1 Sample data of the off-line identification for LuGre Model

Parameter Value Unit
Oy 25.0 1/m
o, 5.0 s/ m
o, 0.1 s/m
73 0.5 —
78 0.9 —
Y 12.5 m/s
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3 Observer design
Let's introduce the same transform of coordinates in [5]: x; =0Rs Xy =y T3 =V, =T

—rw. Then we can get

T = 6o —=— 0Lz — Ol ‘.133 ‘ x (6)
g(Ig)
o =§[I1—f—01 ("'Is“"ﬁ ‘IS‘ Il)"‘dzl‘a]_go' Vo) (7)
g(x;) °
. - . . _ ‘ISI _ . |
Xy — U Fra — cr[.rl _I‘O'l X3 v v a'z.ng] £0 X2 —l—uT (8)
g(ﬂfg)

where a=g(1+?—n§).
1

Define x, y respectively as x=[z; x» x3] ', yv= — (xy —x3) =w, and introduce

|333‘

p(x) = z:. Then we could rewrite the system as
g(JCa)
X = Ax + Blgp(x) + Eur (9)
y = Cr (10)
-0 0 —60 T —0 " 1 1 0"
where A=|—g —go, —gle1tao:)|s B=|—go |, C= |:O — ——]; E=|0].
(4 r
 a —go, —aloiTtToz). _—ao _ 1

Notice that (A,C) is an observer pair, we can introduce the observer feedback matrix
L and obtain the following observer structure which is like the ones proposed in [ 6 | and

L8]

¥ = A% + Bip(2) —L(y— 3 + kBsgn(y — %) + Eu. (11)
§ = Yip(x) (y — y) (12)
5 = C% (13)

where 2=max {20, o(x) | }. From the above, we have k<{co. And 7, is a positive real

number that is introduced to adjust the variation rate of 6.
From the above observer, we can get the dynamics of the estimated error as

¥, = % — % =[A+LC]x. + B[ 6p(x) — ()] — kBsgn(y.) (14)
o =0—0=e—7,0(®)y. (15)
y. = y—y = Cx, (16)

Before we reach the main results, let us introduce the Definition of the strong practi-

cally stable and a useful lemma.
X =f(t,x)
x(ty) =X,
ue x(¢,)=x, during (¢, ,°°) ,and there exit a positive real number d and a time ¢, >0 such
that the solution satisfies |x(z) |<{d, for any t=>¢,, this system is said to be strong practi-
cally stable with respect to d. Here | x| denotes ess. sup. {|x]}.

Lemma 1'%, The dynamic system described in Definition 1 is strong practical stable
with respect to dy = (r; "' *» ) (¢), if there exist a first-order derivable positive function
V(+):R"XR—>R™", a continuous positive infinity function ,( » ) {R™—=R™", i=1,2, and
a positive infinity function ;( » ) ;RT—>R™ satisfying: a) there exists a positive real num-
ber ¢ such that »; (| x| )>0 for any z>c and ; (|| c[)=0; b) m ([|x[ )<V (x,)<r, (| x|);

o avg;;,w = UV » fGn<—r|x].

Definition. If the solution of the dynamic system exits for any initial val-
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With this representation we shall now verify the following theorem under the assumed
condition.
Theorem 1. The observer error state system designed above 1s strong practically stable

" Z

with respect to Ei.&:\//lm”(P;mm ?P% . T:EI_C;L) e L mex —;f- , when there exit positive symmet-
ric matrix P and Q satisfying the following equations

—Q=[A+LC]"P+ P[A+ LC] (17)

PB = v,C" (18)
where 7, 1s a positive weighted number.

Proof. Consider the Lyapunov function V(¢,x) =x,Px, izﬁf. Since
1

b (x) — égo(i?) = [fp(x) — 9go(i')] -+ [559(.1?) — éc;a(i')] = ﬁl:qp(x) — go(i’)] + G, (X)
we have

V=xI{{[A+LC]"P+ P[A+IC]}x, — kxIPBsgn(y.) — k[ Bsgn(y,) ]"Px, +
xTPB[ 6o (x) — Op ()] + [8p(x) — 0p(2)]" BT Px, + 2 %&,[e— yio(®)y.] =
x"{[A+LC]"P + P[A+LC]}x, — 2ky,y.sgn(y,) +
27, v.[0p (x) — Op ()] + 2 %@Es — () y, ] =

x"{([A+LC]"P+ P[A+ICT}x, + 27, 3. { [ 6o (x) — Op ()] + 6,9 ()} —
2kY:y.5g0(y,) — 27.0.0(X)y, + 2 Z—%ﬁfe =

71

xI{[A+LC]"P+ P[A+IC]}x, + 27,00 ¢(x) — p(&) ]y, —

ZkyZyeSgn(ye) _l_ 2 %EQEE
1

Based on the assumption, we have

[0l p(x) — () ]| < Ol [ () [+ [(2) | ] << 20
Thus

270 p(x) — o(X) |y, — 2ky, y.sgn(y,) << 0
And since |e|<(r, we can have

V< x{[A+ILCTTP+ P[A+IC]}x, + 4 -3—:-"5{& e T
1

From (17), we have

V < Ao (Q) | . 2+4?|a§ max T
1
1
r?}(“xen):)\min(Q)‘xe 2_4$ 68 max ¢
1

Then based on Lemma 1, the observer error state system is strong practically stable

with respect to
ngkmax(P) '4 6&* maxr_|_4 ee ilax.ﬁ
/lmin(P) . Amin(Q) FY1
Based on this result, if the tire is in the steady state, the observer output error should be
bounded ,1i. e. ,
y= 3= |l —2) — (& — 21| < Lz =2+ |z — 2 < 22
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Thus two fault detection rules can be formulated as.

1) trigger the fault alarm if [y—3 >%3

2) trigger the fault alarm if |§—8 | >Af,.,
Generally, the forms of tire faults can be divided into jump faults and shift faults, and
these two fault situations can be judged by these two fault detection rules. When a jump

tire fault occurs, {4, | =|6—8| will be abnormally larger than |4, | .., at the jump point for
the outside disturbance i1s much larger than the limit of normal disturbance set before.

F

Thus, rule 1 is a sign of the jump faults. On the other hand, when a shift fault occurs, @
may track § very well but their values will be illogical, because 8 will exceed a logical limit

(é—ﬁﬁmﬂ ag’—i—ﬁﬁmﬂ) for compensating for the continuous changes of parameters of the dy-
namic tire model. Thus, rules 2 will be triggered at this tire fault situation.
The following simulation results have proved the effectiveness of our tire fault observ-

er. |6, | mexs 9, and Al are determined by off-line experiments and a helpful Matlab tool-
box that can be used to calculate matrixes L, P, and Q is found in [ 10 ].

4 Simulation Results
Using the data given in Table 1 and assuming r=0. 2m, m=5Kg, J=0. 25Kgm*, and

0 0 —20 - —20
F,= 15Kgm®/s*, we can have A= |—9.8 —4.9 —50.96|, B=| —49 |, C=
12.86 —4.9 —066. 88 —64. 21
- 1.0 0.1 —0. 3872 k3
0 4 —47. Choose P = | 0.1 1.0  —0.8552|, L = |0|, Q =
—0.3872 —0.8552 0.8342 _ 9

—11.92 —7.14 7.65
—7.14 —31.63 28.39 |.Then we can have A...(P)=1.9,A...(P)=0. 006,A..(Q) =
7.65 28. 39 —26. 82

0.67. Assuming |8.]1..=0.2, 8=2.5, A8..=2, z=0.1, and 7, = 20000, ¥, =1, we

have d=0. 062 and | y— 73| =0. 495.
Assume in the following simulation process that the value of @ jumps from 1 to 3 at

point t=15, Figures 2 and 3 show the values of y—3y=w—@, 8 and 8, respectively. From

the Figure 2 we can find that y—39=w— @ exceeds the threshold 0. 495 immediately after
t=0>5, It’s obvious that the fault alarm 1 will be set in time.

.4 3.5
0.2h 3.0} _—
7
U l“_ w 2.5 ™~ :
—0.21 o ™~
”f“ £ 2.0}
L —0.41 s
—0.6+ '
L A s smrasrnnmt PNt P b sl s
—0.8} 1.0
- L N " I . i L L . 0.5 I i ! I N 1 ; L .
L1234 56 7 § 9 10 0 1 2 3 4506 7 8 9 10
time time
Fig. 2 Variation of y—y=w—w when Fig.3 Variation of 8 and § when the

the jump error occurs Jjump error occurs



No.5 LI Lietal.: Design of Tire Fault Observer Based on Estimation of Tire/Road Friction -« 701

In the following simulation process, we assume that the value of § has an abnormal

shift after t=5. Figures 4 and 5 show the values of y—y=w—®, 6 and 9, respectively.
From Figure 4 we can find that although y—3y=w—® does not exceed the threshold 0. 495

(only the statistic characteristics of the error output is changed), but 6 keeps following 6

all the time as @ increases continuously. It’s obvious that the fault alarm 2 will act when 8

become larger than 0+ Ab,.e.

0. 35 A S A B R T 30
0. 30 4 3.0
0. 25 "
0. TO ' i e i
(> 0.15¢ g o
| 0. 10| = 2. 0k
> Y e
0- 05 | 1- 5 i
0
—0 0D b4
—). 10 TR S SR SR G TS . 0. e
1012345678910 5012345678910
time time
Fig.4 Variation of y*f};:w—fu when Fig.5 Variation of ¢ and 8 when the
the shift error occurs shift error occurs

5 Conclusion

In this paper, we try to modify the LuGre model by introducing disturbance and dis-
cuss a fault observer for tire/road contact friction using only angular information on this
modified model. The strong practically stable property of the estimated states and parame-
ters has been proven. Based on this property, two fault detection rules are constructed and
simulation results show the effectiveness of this method. We think that how to analyze the
statistic characteristics of the error output so as to detect failure i1s a promising research di-
rection and needs further discussion.
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