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Adaptive Emergency Braking Control With
Underestimation of Friction Coefficient

Jingang Yj Student Member, IEEREuis Alvarez Member, IEEEand Roberto HorowitzMember, IEEE

Abstract—in this paper, a control scheme for emergency braking In order to maintain AHS safety, it is imperative that the
maneuvers in automated highway systems (AHSs) and anew online praking capabilities of all vehicles in the system be conser-
identification scheme to determine the tire—road friction character- vatively estimated at all times. On the other hand, to increase

istics of the vehicle are presented. The proposed controller deter- high th hout it is al th b timated
mines the required pressure in the master cylinder of the braking ighway throughput it Is also necessary tagt, be estimate

system to achieve maximum deceleration during braking, based as closely as possible to its actual value.
on the estimation of the tire—road friction characteristics and the In this paper a scheme for on-line estimation of the tire—road
overall braking system gain, for the given set of parameter esti- friction coefficient of a vehicle is presented, which is guaranteed
mates. With persistence of excitation, the identified static map be- , ynderestimate its true value at all times, but converges to the
tween the tire longitudinal slip and the tire—road friction coeffi- t | d it f itati ' diti A sch
cient is guaranteed to converge to the actual map. When there is rue va_\ ue 9” €r persis ence_o excitaton c_or? ' |0ns_. scheme
no persistence of excitation, and under a proper choice of initial for estimating an overall braking system gain is also introduced.
conditions and adaptation gains, the proposed scheme underesti-Based on these two estimation schemes, an emergency braking
mates the maximum coefficient of friction and its corresponding controller is designed.
slip, and allows a conservative calculation of the safety critical in- It is important to remark that the knowledge of the tire—road
tervehicle spacing. . - . . .
friction characteristic allows vehicles not only to adjust their
“Index Terms—Adaptive estimation, braking, friction, road ve-  spacing for safety, but this information can also be broadcast to
hicle control, vehicle. the road-side infrastructure controller, which in turn can modify
overall traffic conditions accordingly.
|. INTRODUCTION This paper is divided in seven sections. Section Il develops

HE CONCEPT of automated highway systems (AHSE) dynamic model of vehicles. Section Ill includes a literature
T has been introduced to simultaneously address increasiRy/€W Of prior tire-road friction estimation schemes and

highway capacity demands and increase traffic safety [1 tfroduces the algorithm proposed in this paper. Section IV

Safe feedback-based longitudinal maneuvers for AHSs a gscribes the design of a stabilizing controller for emergency

their associated control laws have been derived in [2] and [Qraking while Section V describes the necessary conditions

These maneuvers are proven to be safe (i.e., vehicle collisidf friction underestimation. Simulation work is illustrated in
never occur) under the assumption that a lower bound on thgction V1. Finally, Section VII contains concluding remarks
maximum deceleratiom,;, of all vehicles is known. This and suggests directions for future research.

safety critical maximum deceleration is closely related to

the braking performance of a vehicle during an emergency Il. VEHICLE MODELING

braking maneuver, which may be needed for fault handling o describe the vehicle longitudinal dynamics, a quarter
purposes [4]. The braking capacity of vehicles changes Wiahicle model is used. The intention of the model is dual: to
adverse environmental conditions, gradual wear of componegielop dynamic expressions to be used later on for control
and highway topology, etc. There are two main factors thglposes and to derive the coefficient of tire—road friction as a

influence braking capacity: tire—road friction and availablg,ction of the vehicle dynamics. The longitudinal motion of
braking torque. These factors have complex behavior and #@ vehicle can be expressed by

associated variables that influence this behavior are difficult to
measure. mi = 4F, — F,,. 1)

%?erev is the longitudinal speed of the vehicle, is its mass,
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velocity v and the wheel angular velocity are related through

Relationship of 1 and A
the relative velocitys, defined as

09 Dry asphalt
s =v— Rw. 3)

o
=

During braking, relative velocity and slipXA are related by
A = s/v. The drag force and tire force, respectively, are mot
eled by

e
bl

Loose gravel

o
@

Faac = awv2; FJ} = _NFN = —N% (4)
with C, .. being a properly chosen constamthe tire—road fric-
tion andly = mg/4 the normal load in each tire.

Substituting (4) into (1) and (2) and using the time derivativ
of (3) yields

oS
FY

Coefficient of road adhesion p

0.2

0.1 Glareice 1
0 =—cp — dv? (5)
§ = _(a + C)N —b— va + eKbe (6) Oo 0.1 0.2 0.3 Lgﬁgitucﬁlal sl(i)g A 07 0.8 09 1
with a = R?mg/41,b = Rry/I,c = g,d = Cy,/m ande = ()
R/I. As suggested in [5], the braking torque is approximate Relationship of 4 and A
by 7, = K, P,, whereK, is an overall braking system gainand ' ' ' ' ' ' ' ' :
F, the master cylinder pressure. During braking, it is assume g4 20MPH

74 = 0. The velocityy and relative velocity are assumed to be
uniformly continuous functions of time.

14
®

o
3

I1l. TIRE/ROAD FRICTION CHARACTERISTICS

adhesion p

Literature for tire—road friction estimation is abundant. Refg
erences [6] and [7] describe two analytical models for tire—roe =8
behavior that are intensively used by researchers in the fie «20‘4_
In these two models the coefficient of friction, is mainly de-
termined based on the wheel skpand some other parameters
like speed and normal load. Fig. 1 presents two curves, obtair® ,
from [8], that represent typical versusi behavior.

The expression given by [6], also known as “magic formula, ®'
was derived heuristically from experimental data to produce ; i i i ! ! s ; i
good fit. It provides the tire—road coefficient of frictignas a oot M Cgitudinal slip A 08 08T
function of the slipA. The expression in [7] was derived with a )
similar methodology. The final map expresgess a function of
)\, the vehicle velocityv, and the normal load on the tir&y. Fig. 1. _Variations between coeffig:i_ent of roaq adhesica‘nq Iongitud_inal slip

. . . (a) Different road surface conditions. (b) Different vehicle velocities.

Reference [9] presents a procedure for real-time estimation
of u. A simplification to the analytical model by [7] is intro-
duced in such a way that the relation betwgeand ) is linear model for different values gi. A Bayesian approach is used to
in the parameters. Kiencke [9] used a two stages identificatidgtermine the value gf that is most likely to produce the forces
algorithm. In the first stage, the value pis estimated. This es- estimated with the extended Kalman filter.
timate ofy is used in the second stage to obtain the parameters he work in [9]-[11] does not consider any velocity depen-
for the simplified;: versusA curve. dence in the derivation gf, as suggested by [7] and [8]. An at-

The paper by [10] derives a scheme to identify differed@mpt to consider the velocity dependence for antilock braking
classes of roads. The hypothesis in [10] is that, by combinisgstem (ABS) control is presented in [13]. The authors assume
the slip and the initial slope of thp versus\ curve, it is the tire—road characteristics to be known. Due to the limitations
possible to distinguish between different road surfaces. Thethe available data, the authors are not able to compare their
author tests this hypothesis for asphalt, wet asphalt, snow, aigorithm with other methods.
ice and identifies the actual value of the slope with a Kalman There are other works related to the on line identification of
filter and a least squares algorithm. the tire—road friction, as for example [14] and [15]. However,

Reference [11] estimatgs based on a different approachin these papers only the instantaneous coefficient of friction is
Instead of using the slip information to derive a characteristidentified.
curve, [11] estimates the forces on the tires with an extendedAll the research above is based on the pseudostatic models for
Kalman filter. Using a tire model introduced by [12], which exthe road-tire friction. Recently, a LuGre dynamic model for fric-
presses the tire forces as a functionuofthe author tries this tion was introduced in [16]. This model is applied to road—tire

03
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friction in [17] and [18], where lumped and distributed paramwherey = y — § = U(© — @) =UO,I =I7 > 0isa
eter models derived from a LuGre friction model are presentatlagonal matrix of gains and assuming thatan be accurately
It is shown that, with this model, it is possible to reproduce theeasured, as discussed in Section IV.

shape of the pseudostatic magic formula. There are howevelf the velocity is kept constant, the peak value.gf can be
some issues regarding the calibration of these models that stérived from (8) as follows:

need furthe_r mye_stlgatlon. This paper is (_)nly concerned with R p,le_pz/\m)\%SMJFM)G_MUO (11)
pseudostatic friction models as the ones in [6] and [7], as the

experimental data available for simulation purposes was derivgHere\,,,, the peak slip given by the solution to

with the pseudostatic approach.

For emergency braking, braking forces are large and there- p3Am(InAn, +1) = p2 A — pa. 12)
fore high values of slip are expectedf the time and distance ngtice that although the peak friction value in (7) and (8)
for braking are to be minimized, emergency braking maneuveiganges with velocity, the peak slip does not change with
should attempt to sustain maximum friction during all the M&elocity in the same curves. This property of peak slip not

neuver. For this reason, it is very important to make an priqfbpending on velocity is observed from the experimental data
estimation of the point of maximum friction based on the inforgseq to fit the pseudostatic friction models, like the “magic

mation available from the instantaneous coefficient of frictiogormyla” or the Burckhardt model. Plots from experimental
as this maximum frlct|on point will be used as atarg_et sll_p POiIR{ata are shown in Section VI.

by the emergency braking controller. The strategy in this paper

i_s to use different points of the instantaneous c_oefficient of friq— IV. CONTROLLER DESIGN

tion to identify the shape of the curve that describes the behavior ) )

of the coefficient of friction. Once this curve is identified, itis N this section a controller for emergency braking that ex-
possible to deduct a proper value for the maximum coefficieRt0its the knowledge of the surface is designed. It is assumed

of friction. that vehicles are equipped with ABS and that the longitudinal
The model proposed in [7] is and angular velocities can be measured. In the case of AHS, the

longitudinal velocity and acceleration can be derived from infra-

p=(C1(1—e ) = CyA) e (7) structure devices designed to facilitate vehicle’s position detec-

.tion such as road magnets [1] and accelerometer, respectively.

where(y, ..., C, are constants and the normal load at the tire Define 9 (1] P Y

is kept constant. In this paper this model is approximated by

*-N}

o= pllefpzA)\(psA+p4)Cfps'v (8) =57 Sm 13)

wherep,, ps, ps, pa, andp; are parameters to be determined. I\fvheresm = A\ v is the peak relative velocity that corresponds

should be noted that this parameterization is different from iﬂ the estimated peak slip. at veIomtyg. Sm CaN be obtained
previous parameterizations, including that presented in [9]. Aom (11) and (12) and the current_estlrr]atﬁr.l Corres_pond—
shown in Section VI, (8) accurately approximates the behauvil ly, th_e velocny_er.ror could be defined as= v —vq, W'th vd
of (7), particularly in the region\ € [0, A,..], where),, is the t gdes!rgq velocilt.y, however as for emergency braking: 0,
point where the maximum coefficient of frictign,, is attained. this def|n|t|qn of¢ is not necessary.
The structure of (8) was determined from noticing that the shapeThe braking pressurg; is set as
of the plot of (7) closely resembles thatof*, with the addition M, 9 . %
of other terms. Other terms and parameters in (8) were included 1% = —_~ [(“ +op+bt+dv” -G+ )‘mv} (14)
to optimize the fit. It is convenient to point out that the model in _ A N o i
(7) was preferred over the so-called “magic formula” as a poif1ere¢ > 0is a gain,M, = 1/K;, with K, the estimated
of departure for the approximation in (8) because of its simpl&R|U€ OfX, andy. is derived from (5) under the assumption that
analytical structure and its closeness to the pseudostatic soluffdf Iongitudinal acceleration can be measured. It is important
of the dynamic friction model introduced in [16]. to remark that the vehicle mass does _n(_)t appear (_jlr_ectly in
After applying logarithm to both sides of (8) and rearranging?)’ as the use of the normalized coefﬂcw_znt of fnctprm (4_1)
it in vector form, we obtain Cancels it. The drag force term, related with constaint(5), is
normally small when compared with the longitudinal accelera-
y=lnp=U6O (9) tion and does not play a critical role in emergency braking. The

value of \,,, in (14) is derived numerically.

where U = [1, =A A, In A, =0, g iiting (14) into (6) vields

® = [p1, p2, p3, pa, 5]t andp; = lnp). This structure is

linear in the parameters, which is a very desirable featurg_ —C§+$\nlv— K, M, [(a—i—c)u—i—b—i-va _ C§+3\nﬂ}:|
for the implementation parameter adaptation algorithms. An

estimated® of the vector® can be obtained via a standard (15)
parameter adaptation algorithm (PAA) with M, = M, — M,,.

2 Defi

© = ru’y (10) efine

s 1y 1 2 L arro1g
2A value of slip of 20% is considered high. W= 2 57+ 2 vt E Ky My + 5 e'Io (16)
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where¢ > 0 is a gain. Notice that (24) and (25) imply that there is always a slip
Taking the time derivative of (16) and using (6), (10) and (15joint with maximum coefficient of friction for the sets of real
yields and estimated parameters, respectively. Define
W =s {_C§ + Ao — KM, Xm = arg {(})nilxu} , Am =arg { 1n111 N} (26)
.[(a+c)u+b+dv2—<§+xmv}—Xmi/—xmv} .

and the interval\,,, = [0, X,,,].3

. VY ST —1 T~ >
+ b+ Ky MM/ - @ T 7H(I'U ) (17) Lemma 1:1f A € A,, and),, < ps/ps3, then the partial
: derivative of (23) satisfies
ChooseM, as
: of o
:55[(a+c)u+b+dv2—c§+Amv}. (18) 5y 20
Substitute (18) in (17) to get Proof: See the Appendix. [ ]
) . R R Lemma 2: Assume Lemma 1 holds and
W==¢? 40 (=3hn +0) - ©7UTUO o
: : p2 P2 Py Pa
< ¢ —do* (14 An (A = A) ) - ©7UTUS < 0. ps  hs n <p3 pg) =0 27

(19) .
then),, < \,..

In the last step in (19) the facts that= —cu — dv? < 0 Proof: See the Appendix. [ ]
andv — )\, = v(l+ 5\,,1(5\,” — A)) > 0 were used. Equation Remark 1: The condition in (27) of Lemma 2 can be ex-
(19) implies thas, v, M, and® are bounded. Straightforwardpressed in terms of the signs @f, « = 2, 3, 4, the parameter
calculations show thal’ is bounded. Thus, applying Barbalat'sestimation errors. For comparable S|ze$pn =2,3,4,and

Lemma [19], it follows that considering thah,,, < 1, the choice ofi3 < 0 andp4 > 0is
the most convenient in order for (27) to hold. Onge< 0 is
Jm §= lim v = lim Ue =0 (20) chosen, making; < 0 follows from (27).

When the true parameters are fixed, the adaptation law in (10)
and therefore stability of = s,,,, v = 0 follows. In addition, can be rewritten as

noticethaty = lnpu—In it = U@ and thereforéim,_,., U® =

0 = i = 0 and thatlim; ., § = = limy_o ¢ = 0. Utilizing O — —TU(A, 0)TU, 0)® = A(\, v)0O. (28)
Barbalat's Lemma again, the boundednesaffand Eq. (15)

imply thatlim, .., M, = 0. Itis important to recall that only By (20), (28) can be linearized aboit= },,, andv = 0 to

persistence of excitation will guarantee that; .., @ = 0. obtain
V. FRICTION COEFFICIENT UNDERESTIMATION &—A (3\ ) 6 4 JANY) ()\ _3 ) L oAl Y
_ The goal in this section is to find the conditions @and oA v (29)
©®(0) and the adaptation gains which will guarantee that This linearization can be further simplified if the fact that the
. maximum coefficient of friction is attained when— 0 is used.
Am £ Am (21)  Thus, neglecting the velocity term in (8), it is possible to focus
i < o (22) the analysis only iy, ..., p4, the first four parameters @,

when analyzing the point of slip where the maximum friction

for all time, wherey:,,, is maximum coefficient of friction and occurs. If the difference — A,,, is small andp; is ignored, (29)
A the value of slip at whiche,, occurs. The correspondingcan be rewritten as

estimated quantities are denoted/as and Ao respectively. )
In order to derive these conditions, it is necessary to introduce ®=A (;m) ® (30)
some preliminary results.

Define the following function: where the vecto® and matrixA only consider the first four

1 pa elements 0@, i.e.,py, ..., pa.
f(©, ) = p—3 —1-lnA-+ s (23)  solving (30), the elements @(¢) are given by
that is the negative of the partial derivative in (9) with respect to () =pi(to)
A, divided byps, the third component o®. From (9) and (23), o
A and\,, satisfy 2(t) = pa(to) + ’Y2f\moé(tAo)f /d
3(t) 3(t0) — ’}/3)\m 111 )\ma(to)f/d
(24) Pa(t) =pa(to) — valn Analto)f/d (31)

(25) 3For most of the tires reported in the literatdrg, < 0.3.

P1(to) — a(te) f/d

3
Il
3

h=p!
Il
hp
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wherev;,i = 1. ..., 4, are the elements of the diagonal matrix Theorem 1: Assume that the initial conditions for the adap-
I' >0, tation law in (10) are such thgt > 0, p» < 0, p3 < 0, and
. . . . Ps < 0. Lety, to be large relative tey;, ¢ = 1, 2, 3, as stated
s4=— (’71 + 7222, + 7322, In® Ay, + 74 1n? )\rn) in conditions of Lemma 4. Then after a long enough tifthe

d = y2y374 + 1172y In° A + a7 32 estimated peak value for the longitudinal st{:,um satisfies
—r2°Y374 1772773 m 1'V374Nm

+ 71727572, In® A, An®) < An(t),  VE>T.
a(to) =p1(to) — AP2(to) + Aln Aps(to) + ln Apa(to)

_ sa(t—to) Proof. See the Appendix. [ |
f= [1 ¢ } ; Finally, the other desired result concerning the underesti-
) . . . mation of the friction coefficient is proved in the following
and that the following conditions are satfiedt " thearern
9 ) Theorem 2:Assume that Lemma 3 is satisfied and in
) pi(to) >0, pa(to) <0, pa(to) <0, pa(to) >0 addition
W pilto)l < P, G=1, Pu= 50— fa(l=Idp) = fsdm >0 (38)

iii) Lemma 2 holds fort,.

then the estimated peak frictiofa,, satisfies
Choose the gain matriX in the PAA given by (10) according

to /:Lrn < Hm-
y < pi(to)n® Ay (32) Proof: See the Appendix. [
. o ) Remark 2: The conditions of Theorem 2 are sufficient con-
, < |P2(t0)lhl Am (33) ditions for the underestimation @f,,. There are cases in which
6Am underestimation ofi,,, can be achieved even when conditions in
|3 (to)] In? A Theorem 2 are not satisfied. A more relaxed condition for un-
W (34)  derestimation Ofiy, is that
4 > 1 35 ~
Y3 _’y 133(0) ( ) ﬁl - ]351/ - ﬁ4 (1 —In Arn) - ﬁ3)\rn
= |In Ay | > max <1, — ) (36)
Y2 p4(0)

+ ()\m _ Xm) <§’4 —p3> >0. (39)

With 6 = Prax(l + Am + A InAyy,).
Then (27) in Lemma 2 is satisfied and the estimated peatkis condition does not depend on Lemma 3 and therefore is

value for the longitudinal inp):\m, satisfies independent of the underestimation)gf .
N Remark 3: Although conditions in Theorems 1 and 2 seem
Am(t) S Am(t),  VtZto. involved, the simulations results show that the important factor

. i h he signs¢f > 0,02 < 0,93 < ndps <
Proof: See the Appendix. s to choose the signs i = 0, p» < 0, ps < 0, andp; < 0
: S hen starting an emergency braking maneuver. Normally, be-
Lemma 3 defines a region in the space of parameters\an . R
. oL TE S . . _fore an emergency braking maneuver starts, the slip is small and
such that trajectories inside it, will remain in it. This region

) S by choosing the initial parameters and the adaptation gains to
however, does not include the case wher: 0, which is ex- . " S
. C o satisfy the conditions given in Lemma 4 and Theorem 2, we can
pected to happen if the vehicle is cruising before an emergen Y ; L . .
N . always achieve the underestimation of the maximum friction co-
braking is attempted. To analyze the effect whessmall, con- . : . X
. . efficient and slip during the braking process even under lack
sider the following lemma. of persistence of excitation. Gains can be easily tuned by trial
Lemma 4: Assume thap; (0) > 0, p2(0) < 0, p3(0) < 0, b . y v
~ - . i 5 and error so the other conditions in the theorem are satisfied.
p5(0) < 0 andp2(0)/P3(0) < p2/ps. By choosingy;, i = - - : - i
. . . Nominal values for tires parameters obtained from tires manu
1,2, 3,4 as stated in Lemma 3 and in addition L .
facturers can be used as initial guesses of estimated parameters.
Y4 Z Yam (37)
VI. SIMULATION RESULTS
Data from [20] tires #76, 81 and 137 is used to test the ap-
$4(0) P4(0) A P4(0) A proximation presented in Section Il for theversus\ andwv
Yam = maX{—ﬁ (0)Inx Y1, 52(0) I x Y2, 53(0) } surface. All the test were performed under the same road condi-

! " > " tions, same tire pressures (24 Ibfjnsame velocity (30 mi/h)
then3 7T > 0 such that the conditions in Lemma 3 are satisfiednd same normal forces. The nomipat A curve for the tires
under the adaptation law fer> 7" when A is initially small. are shown in Figs. 2—4.

Proof: See the Appendix. [ | Figs. 2—4 show that the proposed approximation in (8) fits
The previous lemmas can be summarized in the followingery well the nominal formula of the road frictigm given by
theorem, which is our first main result. (7) in the region of0, A,,] which is the region of interest. The

where
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Relationship of ¢ and A
1.4 T T T T T T T T T

: : Ideal
02H R R : S “ oo @ Model predicted N
0x.3 1 1 1 { { I ] 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Longitudinal slip A
Fig. 2. Coefficients of road adhesignand longitudinal slip\ by nominal and model predicted values. Tire #76.

Relationship of i and A

Ideal
13 TR T O--—-8 Model predicted| |
ot 1 | | | i 1 i | [
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Longitudinal slip A

Fig. 3. Coefficients of road adhesignand longitudinal slip\ by nominal and model predicted values. Tire #81.

velocity-dependent parametgs is constant since the tests injust before and emergency braking has to be attempted. In this
[20] were performed at constant velocity. situation, the scheme presented in this paper achieves param-
Adaptation of the parameters can be performed during nornedér adaptation and a close to minimal braking distance. Under
driving or under emergency braking. In the first case the adaptiis critical scenario this is close to the safest behavior one can
parameters can provide a source of information to determiagpect.
safe spacing policies from the vehicles in front. The simulation For the simulations results of an emergency braking maneu-
results presented in this section refer to a critical scenariovars using the controller introduced in the previous section the
which there is a sudden change in the pavement characteristtose parameters” for the approximation in (8) were obtained
that induces a change in the maximum coefficient of frictionyith an off-line test and are shown in Table | together with the



Y1 et al: ADAPTIVE EMERGENCY BRAKING CONTROL WITH UNDERESTIMATION OF FRICTION COEFFICIENT 387

Relationship of x and A

: : : : : Ideal
0.1 R, o : T L..|B= — &8 Modet predicted i
ok L ! 1 ] ! t 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Longitudinal slip A

Fig. 4. Coefficients of road adhesignand longitudinal slip\ by nominal and model predicted values. Tire #137.

Estimated relative velocity error §
2 T T T T T T T

o _2

-4

6 1 ! 1 1 1 I 1
0 0.5 1 1.5 2 25 3 35 4

Time (sec.)

Coefficient friction error i
0.05 T T T T T T T

1 { | i 1 |
1 1.5 2 25 3 3.5 4
Time (sec.)

Fig. 5. Error signals.

real value of the braking system gain. Figs. 5-8 show sevethé p; parameter adaptation gain satisfy the conditions of The-
plots that illustrate typical simulation results for an emergenorems 1 and 2. Fig. 9(b) shows the case whigl) < 0 which
braking maneuver. Notice that in Fig. 8 parametgr@) < 0 violates one of the conditions in the Theorems. In this case un-
andps(t) < 0 because of the lack of excitation during the emederestimation of\,,, does not occur.
gency braking maneuver. In this case, however, the underestimaFhe emergency braking maneuver was accomplished in both
tion of the maximum friction coefficient and slip are still guarsimulation cases, even in the case when underestimatia, of
anteed (Fig. 5). was not achieved. This is happening because in the controller
Fig. 9(a) shows an example of the underestimation of the pedésign an upper limit for the admissible value of the estimated
slip ratio when the initial values of the parameter estimates apdint of maximum slip, namely,,,, was included. This limit
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Braking torque 7,

1500

1000

75 (Nm)

sool T OSSR USOOOY FOUOUSPRUOS SOUUOUSPUOE SOUPRRORY: i

0 i ; i ; i ; i
0 0.5 1 1.5 2 25 3 35 4
Time (sec.)

Braking deceleration ¥
0 | | | T T T H

P T T SR L

Deceleration (m/sz)

4
Time (sec.)
Fig. 6. Braking torque and deceleration.
Longitudinal slip A Relative velocity s Vehicle velocity v
0.25 T 8 T 30 T
25 | S PN N N .
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Fig. 7. Slip and state evolution versus time.

allows the emergency braking maneuver to be performed, eveseful for these other purposes. The other case, when underes-
when the estimated friction curve is incorréc bad estima- timation is not achieved [Fig. 9(b)], is not useful for traction
tion of X, produces, as expected, an increase in the distarummntrol purposes.

that vehicles require for the emergency braking maneuver. If

the tire—road friction estimation is to be used for traction con- VIl. CONCLUSION

trol purposes other than emergency braking, the case in Whid}k controller for emergency braking maneuvers of vehicles

underestimation is achieved [Fig. 9(a)] is clearly a good approx- . . . . .
imation to the reference tire—road friction curve and would bequped with ABS was designed. This contr(_)ller estlmate_s
the tire—road characteristics and an overall braking system gain

4In the simulations here includedl,, = 0.45 was chosen. while trying to achieve maximum braking effort during the
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Brake coefficient K
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Fig. 8. Adapted parameters.

TABLE |
PARAMETERS FOR THEAPPROXIMATION IN (8)
4 P2 P3 P4 Ps Ky
3.16 3.3 2.64 1.05 0.01 0.9

entire maneuver. Velocity dependence of the tire—road friction
was explicitly considered. The stability of the controller was
proven and simulation results, which are in accordance with the
theoretical findings, were included. The use of this controller
may provide less chattering than standard ABS controller, as
this controller avoids the on-off control valve operation that
is used in ABS systems for controlling the angular wheel
acceleration. This controller sets a desired peak slip and avoids
exceeding it in the current tire—road situation.

An important result in this paper is that, when there is not
persistence of excitation and when the proper set of initial con-
ditions and parameter adaptation gain is chosen for the estima-
tion algorithms, the estimate of the maximum friction and the
point of maximum frictioni,,, and,.,, respectively are guaran-
teed to be smaller than or equal to the true values. Convergence
to the true values is guaranteed under persistence of excitation.
This is a very desirable feature for the deployment of AHS or
ITS, where it is of first importance to ensure a safe operation.
For this purpose of safety, the information provided with the
on-line tire—road identification scheme proposed in this paper
may be very useful for on-line safe spacing calculations in vehi-
cles running under AHS or intelligent cruise control algorithms.

2
Time(s)

Reference coefficient i and estimated coefficient i

T T T T T T

L : : L 1 1
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03 of4 | ojs ols 07 08 0.9 1
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The information can also be used by road-side 'nfraStrUCtureﬂiB. 9. Reference frictionu (solid) and estimated friction: (dash-dot)

adjust on-ramp metering control.

(a) underestimation of,,, andy,,.; (b) no underestimation of,,,.
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APPENDIX From (36), (42), (43), and (45) it follows that condition (27)
PrROOFS OFUNDERESTIMATION RESULTS still holds for¢ > ¢, and therefore
Lemma 1, Proof: The proof follows directly from the partial A () < Am(2), Vi > to.
derivative of (23) and lemma assumptions. [ |
Lemma 2, Proof: Equation (24) together with Lemma 1 im- u
plies that Lemma 4, Proof:To analyze the PAA when is small con-
X X sider that the adaptation law in (9) can be expressed compo-
A <A & f (@, )\m) < f(©®, \,)=0. nent-wise as
From (23) it follows that P ==y
Dy =72AY
N IR N S B 3 _
f (67 )\m) - Ps 1 In )‘m S\m pg. (40) ]33 = —’}/3)\111 {\y
Py =—7ralnhy

Adding and subtracting the terfa /p5 and1/\,,.(p/ps) to
(40) and using (25) it follows that

f(@,xm):@_@_;@_&)'

Dy =750y
The termj = U® is given by

P3 P3 Am \P3 D3 ¥ =p1— P2A+p3AIn A+ pyln A — psv.
By (26) A, < A then Notice that when\ = 0, the termp, In A\ dominatesj. There
. . are two possible cases to consig@rt0) > 0 andp.(0) < 0.
f (9 5\m) P2 P21 [(ps Pu) Case 1: Supposegi,(0) > 0, theng(0) ~ p4(0)Inx < 0
7 T ps D3 Am \P3 D3 when A is small. Lett; be the time wher changes sign from

- . . negative to positive, i.eg(¢) < 0,Vt € [0, ¢;] andt; be the
If condition (27) holds f(©, An,) < 0andA, < Awm. B first time parameterg;(¢) change signs, respectively, for=
Lemma 3, Proof:First notice that as Lemma 2 is satisfied), 2, 3, 4, 5. Therefore
under assumption iii) of the Lemma, then
prt) >0, pi(t) <0, i=234,5 Vtel0,ty].

Am(t0) < An(to).
(o) (o) Lett, = min{ts, t4} then by definition oft; and the facts

Using i) and ii) in Lemma assumptions, it follows that thatp,(0) > 0 andps(0) < 0, we have
Oé(to) Sﬁmax (1 + Xrn, + Xrn, hlxrn) = 6 ﬁg(t) S 07 ﬁ4(t) 2 07 Vi € [07 ta] (46)
d >y 470 A > yuln® A, considerp;(t) := p; — pi(t). Thus, by (46)
1> (1—e34lt—%) Vi >t (41) .
( ) B> 1348, vt e [0, tal.
Assumey, > 1thend > In” A,,, then b3 s
To apply Lemma 3 it is necessary to check the other condi-
Eq. (32)=pi(t) > 0 Vit >t tions of Lemma 2. Note that
(33)=pa(t) <0 Vit ‘~
i P _ Bmaso a7
(34)=p3(t) <0  Vi>to by .
(35)= pa(t) > palto) >0 Vit  (42) 44 ihen
Analyzingps(t) andp,(t) in (42) it follows that d <@) _ 132}32 {@ B @} _ 13252 {@ B )\} 48)
1 <p4(t) _ m(t)) ay TN Rk opl Rk
Am \p3(t)  Pa(t) ' by the conditions in Lemma 4 it is known thas(¢) < 0,
Therefore, for (27) to hold it is sufficient that p2(t) < 0,¥¢ €0, #7], then ify; andy, are chosen such that
p2 palto) _ p2  pat) s |In A, | > ]33(0) (49)
— == 2= == (44) Y2 p2(0)
p3 pa(to) ~ ps pa(t)
. . T then
Using (42) in (44) implies that
d (p2
5 3 — (=)<
palto)  Falto) ) i (2) =0 (50

p2(t) — Pa(t)
For (45) to hold the ratio in the error reduction far has to
be smaller or equal than that g§. This can be accomplished P2(0) < P2

by (36). 52(0) = po

if the initial values forp,

—~

0) andps(0) are chosen such that
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then by condition (50)

pa(t) _ po

— < =, vtelo,t 51

) = p [0, ty] (51)
and

P2 Pa(t)

— < —, Vit eo,ty]

ps = pslt) 0.%7]

Pick T = min{t,, t¢}, then all conditions for Lemma 2 to

hold are satisfied and thus Lemma 3 applies.
Case 2: Supposes(0) < 0, theng(0) =~ p4(0)InX > 0

391

Thus, from the conditions (52)—(54), if (37) in Lemma 4 and
(36) in Lemma 3 hold, then &t = 4, by (51) and (37)

pa2(to) < b2
pa(to) ~ p3’

Applying Lemma 3 then it is possible to achieve

ﬁ4(t0) > 07 ﬁl > 07 ﬁz < 07 1= 27375'

Am() < Am(t),  VE>T.

[
Theorem 1, Proof:Follows directly from Lemmas 1 to 4=
Theorem 2, Proof:Proving the theorem is equivalent to show

when X is small. Lett; be the time wheg first time changes that ji,,, /fi, > 1. By definition of 4, i and the relationship
sign andt; be the first time that parameteig(t) change signs, y = In ., it is equivalent to show

respectively, as before in case 1ot 1, 2, 3, 4, 5. Therefore

ﬁl(t) < 07 ﬁz(t) > 07 1= 27 37 47 57 vte [07 tf]
Notice that forv¢ € [0, t¢]

pat) vy <o

p(t) m

5 1

Ij4(t) __ nA >0

p2(t) Y2

p.(t

134( )_m o

pa(t)  3A

denotet;; = min{t;, t;}, ¢ = 1,2, 3, 4, 5. Similarly as in
case 1

a4 (Ps
dt \ p1
Using the facts

ﬁl(t) 2 07

:;‘1{5_4

_&} _n [km_&}
]51 ]51 ]51 D

P1 st P1

ﬁl(t) S 07 Vt € [07 tfl]

then

d ]54
— | = > .
7 <]31) >0, Vte|0,ty]

Noticing thatg4(0)/p1(0) < 0 and by pickingy./~; large
enough such that

(52)

>

2,
!

p4(0) ‘
p1(0)
thent;s < ¢;1, namely,p4(¢) changes sign beforg (¢). Sim-

ilarly,
EA AL A
dt \ p2 D2 |py P2

Choosingy. and~, such that

_ & [_’yun)\ 3 ]E}
Do YA P2

74 [In A, AQ)
Y2

A D2(0)

thent;, < tyo, namely,pa(¢) changes sign beforg:(t). To

maket sy < ty5 it is necessary that

(53)

.. P1(0)
~ p3(0)

J4

54
% (54)

ern = UYm — ZA/rn 2 0 (55)

note that

Ym =DP1 — p2)\rn + p3)\rn In )\rn + P4 In )\rn — DV
an :ﬁl - ﬁQ)\rn + ﬁ3)\rn In )\rn + ﬁ4 In )\rn - ﬁa’)v
then plug above equations in (55)

grn = ﬁl - ]351/ - p2)\rn + p3)\rn In )\rn + pa In )\rn
+ﬁ25\rn - ﬁ?)j\rn In 5\rn - ﬁ4 In 5\rn- (56)

Recall that the slip point of maximum friction satisfies (24)
and therefore

p3)\rn In Ay, — p2)\rn +ps= _p3)\rn- (57)

Using (57) and a similar expression developed from (25) into
(56) it follows that

grn = ]31 _]551/ - ]34 - p3)\rn + p4 In A, + ﬁ35\rn _ﬁ4 In 5\rn-
(58)

Expandingdn ), in a Taylor series about,, and taking the first
two terms

grn :ﬁl - ]551} - 154 - 153)‘771 - p3()‘rn - )‘rn)

+paln A, + ;’—4 ()\m - Xm)

m

:ﬁl - ]551} - ﬁ4 (1 —1In 5\rn,) - ﬁ3)\rn

+ ()\m — S\m) <§—4 — pg) .

By Lemma 2

()‘rn - 5‘771) </~p4 _p3> >0 (59)

)\rn
and
_ﬁ33\rn > _ﬁ3Arn
‘1 —In | <|1= A
and therefore fof,,, > 0 it is sufficient that
ﬁl - ]551} - ﬁ4(1 - hlArn) - ﬁ3Arn >0

that is the condition required in the theorem. [ |
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