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1 Introduction Their parameters can be related with materials properties, such as

In recent years, important research has been undertaken to%W-fF‘ess and viscous damping, and therefore their effects are
vestigate safety in both manual traffic and automated highwg)‘?s"er to analyze. L ) o
systemgAHS) when highway densities are significantly increased In [9] a Lu_Gre model, which Isa flrst-o_rder dy”?‘m'c friction .
[1-3]. One specific issue that greatly impacts overall safety is tfjgodel, was |ntr_o_duc_ed to rephcate the tre-road interface. This
influence of the tire-road interaction on the braking capabilities Gfode! was modified ii10] to include one parameter to represent
vehicles during emergency braking manuevers, which are crucfiiférent road conditions. An adaptation law was proposed to es-
to preserve safety in AHE4]. timate this parameter during vehicle tra_ctlon.[llri] an adaptlvg _

A precise knowledge of the tire-road friction characteristics i@Mergency braking controller was designed based on a similar
important not only from the perspective of emergency braking. fynamic friction model.
also provides key information regarding safe spacing policies thatThe goal of this paper is to extend the work[@], where the
are useful at vehicle and traffic management centers levels. aHthors assumed that only one parameter in the LuGre dynamic
both cases, the provided information allows to improve safetifiction model was unknown to design a controller-observer for
However, tire-road friction characteristics are difficult to estimatemergency braking control. The results[k1] showed the prob-
due to model complexities and variation of physical conditions.lem of slow convergence of the estimated vehicle velocity and

Research in tire-road friction modeling and estimation for indielative velocity due to the structure of the vehicle-tire system
vidual vehicles is abundant. The pseudostatic model givgBlin dynamics. In this paper most of the tire-road model parameters are
known as the “magic formula,” gives a good approximation tassumed unknown. In addition, in order to overcome the slow
experimental results and is widely used in automotive researcbnvergence problem in the estimator, a parameter adaptation law
and industries. However, this model has a complex analyticdat uses measurements of both angular velocity of the wheel and
structure and its parameters are difficult to identify. For these reg@ehicle longitudinal acceleration is designed. Moreover, the adap-
sons the magic formula is more used for simulation than for cogation scheme proposed in this paper achieves underestimation of
trol purposes. 146,7], identifiable pseudostatic parametric frictionthe maximum friction coefficient, under the proper choice of the
models are presented. Although the parameters in these moggifameter adaptation gains and initial conditions of the estimated
lack direct physical interpretation, they can be identified througbarameters. This is a very desirable feature from the safety point
on-line adaptation.. o of view [1,7].

Recently, dynamic friction models, such as the one presented inathough this paper is constrained to longitudinal control of
(8], were introduced to capture the friction phenomenon Moggnergency braking, the knowledge of the tire-road model param-
accurately. These dynamic friction models can reproduce ofgers’is also important when lateral control comes into play. The
served behavior that static models, as the magic forfiillecan-  appjication of this dynamic friction model to three-dimensional
not capture: hysteretic cycles and Stribeck effect, among othefsa_road behavior has been proposed i].

The paper is divided into six sections. Section 2 describes the
" ICorresponding author, vehicle system dynamics. A controller for emergency braking
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tion coefficient. Simulation results for this estimation and contrg), ere§/2=:z}—13:—d5(v+z}) With 5= —cu—dd2
scheme are presented in Sec. 5. Finally, Sec. 6 contains conclu he velocity estimation error dynamics are
ing remarks and directions for future work.

—do(v+0)(1-L) (5)

2 System Dynamics Define the Lyapunov candidate function

This paper considers only the longitudinal dynamics of the ve-
hicle. It is assumed that the four wheels of the vehicle apply the W =3 32 (6)
same braking force. For simplicity, it is also assumed that the ro
has no slope and that the weight of the vehicle is distribut
evenly among the four wheels. A quarter vehicle modiet in-

jHS time derivative is

cludes a modified lumped LuGre friction model is as follds]: W, =50 = = 5% +5)(1-L) <0
oo Introduce the following lemma
=y, - 2t z v, = oof(v,)2 (1a) Lemma 1 Assume 0, then?(0)<00 v(t)<0, Ot=0 or
h(vr) 3(0)>003(H)>0, Ot=0.
Jo=rF, - (1b) Proof: For any given value of ando the solution to Eq(5) is
of the form
my = - 4F, - F, (1c) () zz(o)e-(l-L)f{)d(ma)dT )

where z is the friction internal statey,=v-rw is the/relative This t il h . theref 50 <00 B(t
. . 1/2
velocity, r the wheel radiush(v,)= e+ (e e /42 f(v;) is term will never change sign, therefore,if0) v(t)

=|v,|/h(v,), us is the normalized static friction coefficient, is <0, 0t=0 or if v(0)>01 U(t).>o’ Ht=0. u

the normalized Coulomb friction coefficient, is the Stribeck _ Remark 1Lemma 1 impliesV, <0 and asymptotic stability of
relative velocity,u. is the traction-braking torqué, the traction- v=0 follows. Moreover, if the observer gajh| is chosen large
braking force given by the tire-road contagt, the aerodynamic enough, the estimated vehicle velodityonverges quickly to the
force, m the vehicle mass) the tire rotational inertia, and the true valuev.

parameterr, is the rubber longitudinal stiffness. The model in Eq. The error dynamics of this velocity observer depends only on
(3) has been modified bjy13] to consider the case when the fric-the longitudinal velocity. In this sense it is different from other
tion force in the contact patch is not evenly distributed. This lea@dservers reported in the literature that used both longitudinal
to include a “convective” term in Eq3). For simplicity, in this acceleration and wheel angular velocity measurements.

paper, the friction force is assumed uniformly distributed in the

contact patch.

The braking forcer, is given by 3.2 Internal State Observer and Adaptive Parameters

Estimation. First note that substituting E¢fla) into Eq.(2) yields
Fy=F(00z+ 092+ o0,) 2

where o is the rubber longitudinal dampings, is the viscous
relative damping and the normal forég=mg/4, if vehicle mass where o3=0q01, 04=01~ 0> and f(v,)=|v,|/h(v,). This expres-
is uniformly distributed among the four tires. It is possible to ussion is linear in the parametets), o3 and oy, i.e.,

another factor, to consider that during braking there is a shift in

= 00Z+ oq[v, = 0of(v)Z] = ov, = 02— 03 (V)2 + ogv, (8)

the load that will increase the normal force in the front tires. 90

According to[14], the aerodynamic force can be modeled as u=[z-f(v)zv.] o3 |=UO 9
F,=C,v? oy

whereC,, is he aerodynamic coefficient. whereU :=[z—f(v,)z v,] and O :=[opo304]".

Substituting the above equation into Hdc) and considering  Propose the following observer for the internal state
v,=v-Trw as the state variable, Eq4b) and(1c) can be rewritten

as 2=0, - o4f(0,)2 (10)
v=-cu—dv? (3a) and a gradient-type parameter adaptation law
by == (a+ )= dv?+eKyP, (3b) ®=-10"% (12)

with a=r?mg/4J, c=g, d=C,,/m and e=r/J. As suggested in
[15], the braking torque is approximated by=K,P,, whereK is o i ]
an overall braking system gain afy the controlled master cyl- 9ains,U is the regressor in Eq(9) evaluated at the estimated
inder pressure. quantities, 1.e.,

whereI"'=diag yq, vs, y4) >0 is a diagonal matrix of adaptation

3 Controller-Observer Design U=[z-f(0)z0]

. . and is defined b
3.1 Velocity Observer.Assuming that the wheel angular ve- H y

locity and the vehicle longitudinal acceleration are kndwthe 72=U0-06=00 + U6 (12)
instantaneous value qf can be derived from Edlb). It is pos-

sible to propose the followmg observer for the vehicle velocity with U=U-U. 7z=u-j is defined as the estimation error on the
friction coefficient. Note that the friction coefficient is calcu-

=-cpu-di?+LY, (4 Jated by the dynamicélb) as
e m— Jo + eKyP,
3This simplified model is common in the tire-road friction literature. n=- w—Kbb (13
“This is a reasonable assumption as most modern vehicles already have wheel p
angular velocity measurements, and solid-state accelerometers are cheap and easy to . .
install. with p=mgr/4 and assuming that the angular acceleration and the
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braking pressure can be measuted. L S PN
Rearrange Eq.12) to obtain S=0(1l-A\p) —To -0\

N reKoPyp . (9)A\m; A ﬁ)A\m .

- . A rf
a9 oo =U(1‘)\m)_3l’« Carel (20)
w

7= [2- 1002 5,)| s | +[Z- f0)2+ f(6)27,]] 0 | =[og T
T o4 The partial derivatives of\,, can be calculated numerically.
- o _ . R Choosing
— o5t () ]2+ 20— 1(0,)Z03+ 0,04+ 040, — 05 T (v,) = (0))] ¢ ~ ~
J N A ~ONmi AONg .
(14 P”:R —v(l—)\m)+%,u,+va—:nv+va—mw—§s
w
The termf(v,)—f(0,) can be expanded in a Taylor series ahgut > v
This yields (21
where{>0 is a gain and substituting in ERO) gives
fop) - 1(5,) = Ty _ Iy (15 -
T N, Ty, Y 35=-5 (22
where the last expression was derived using the fact dfrab Define the following Lyapunov function candidate
—-rw ando,=v -ro, thereforep, =v,—v,=v. Substituting Eq(15) W, = %32 (23)

into Eq. (14
Taking the time derivative of Eq23) and using Eq(22)
w=[og— osf(v )2+ Zog— 1(0,) 255+ 0,54 + [04 = 032" (v) [0 .
(16) W,=-F=<0 (29
with f'(v,)=df(v,)/dv,.° The asymptotic stability 0§=0 follows.
r)— r r

The error dynamics of from Eqgs.(1a) and(10) are given by 3.4 Combined Stability Analysis.Propose, in addition to Eq.
(6), the following set of Lyapunov function candidates

72=[1 - 0of (v) 20 - of (v,)Z— £(5,)75, (17) W= 52 25
2

3.3 Controller Design.In this paper, the LuGre dynamic tire- - -
road friction model is used to estimate a target maximum)slp W;=30'T7'0 (26)
for the emergency braking maneuver. To calculate this valug,of
it is necessary to obtain an equivalent pseudostatic solution for
dynamic friction model such that for a given velocity it will be
possible to locate the relative velocity at which maximum coeffi- W=W; +W, + W, = E W, (27)
cient of friction is attained. Assuming that vehicle velocityis i=1
constant and that normal force is uniformly distributed on a recfne time derivative of Eq(27) can be written as
angular tire-road contact patch, then a distributed LuGre tire-road _
friction model can be solved to obtain the following pseudostatic W=7T +5+ 0T (29)
relationship betweep and\=v,/v

h(v
(I|r)| (e ltodlhr2nwn) 1)} Ay

aol| 7

t%%d define now the composite Lyapunov function candidate
3

Using the observer error dynamics and parameter adaptation law
00y, 0) = h(v,){l v 2y in qu.(S), (17), and(11), Eq. (28) becomes
W=-d +0)(1-L)o?2+Z (1 - oof (v,) 20 — 0of (v,)Z

v _ A\ oy —(5,)Z5,] - (OTUTUG + ©TUTUO) (29)

:ﬁ’ yzl_ra)h(v,) (18)

wherel is the length of the tire-road contact patch. Details to ~ R N
obtain this equivalent pseudostatic solution can be found in U=[0 -f'(v)z 1o +[1 -f(v,) Oz=Up+Uzz (30
[11,16]. The value of\,, is obtained from whereU,=[0 —f'(v,)2 1] andU,=[1 —f(v,) 0]. Using Eq.(30),
A = argmaXu(\,v;, 0)} Eq. (29 can be written as a quadratic form
A

77w

The termU can be expressed as

. . o U0 0"U,0 0"u,0 5}

To continue with the controller design, it is necessary to setthe ~ ~__ IRV | U
value for the pressure of the master cylindy for that purpose W= ~[OZ]| Uz aof(v)) - (1-0of'(0)2) || Z | =~ P MD
define 0 0 di-L)v+o) || v

B2, — Ay = 5(L ~Ap) — 0 (19 (39)
SO =% = = 55T Ua=[f(5.)5
as the desired relative velocity for the emergency braking manetitere®=[0 zv]'=[oo o4 74, Zv]’, Us=[f(v)2 0 0] and
ver. In this expressiod, =0, ~rw and\, is the estimated value of 7 - 250, %, w2 Wy2
\m based on Ehe current estimation ob, i.e., A\ -2f,) 20, -Z0)0, —wWiZf(©D,) —wzf(D,)
=arg max{u(\,v,,0)}. Taking the time derivative of Eq19) M = %, - 2(5,)D, 02 WD, Wod,
- 7f(v,) 0 0 aof (vy) - Wy

5Angular acceleration can be calculated from wheel angular velocity measure- 0 0 0 0 W
ments, while the master cylinder braking pressure can be obtained from the brake L 4 .
actuator. with wy=0p=03f(v,), Wo=04—03f'(v,)2, Wa=1-00f’(v,)2, and

81t should be noted that the functidifv,) is not differentiable with respect g —d(1-L ~
whenuv,=0. It is assumed, however, that during emergency braking the sigp of Wy = (1-L)(v+0).
does not change. Note that
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+MT -MT A — _
MMM MM e, W=-0™M,;®-dM,d=-P™M,d

2 2

where Ml:MI:(M +MT)/2 is a symmetric matrix and,
=—M;=(M -MT)/2 is a skew-symmetric matrix. Thus, E@1) The last equality comes from the fact thiM ,&=0. It is direct

becomes to show that the symmetric matrix
N JCYOR an 1, - 1,
zZ - sz(vr) 0y EZ(WI + f(Ur)) EZWZ
A2gn 822/ SR 1, - 1 . .
- sz(Ur) Pl (vr) -, - Ezwlf(vr) - EWZZf(Ur)
an FUPPEA 2 1 . 1 .
M= oy - Zf(v))o, Uy Ewlvr EWZUr =0 (32
1, . 1, R 1 . 1
EZ(Wl + f(vr)) - Ezwlf(vr) Eler O'Of(vr) - EWS
1, 1 .. 1 . 1
EZW2 - EWZZf(Ur) §W2Ur - §W3 Wy
I
by the fact that 2. The estimated state variakiteconverges quickly.

_5 G4y . 3. z=0,v,=0 andf(v,)=0.
detM(1,2) = 22 > O, detMy(1},13)=0, forj=234,5 Remark 3 To justify the first condition in Assumption 1, recall
From Eq.(32) it is known that the error dynamics of state variaflejiven by Egs(5). By choos-
W= - ®M.d <0 ing a large observer gaih, the quick convergence af can be
1 guaranteed by Lemma 1. The second condition can be obtained by
which indicates that Eq31) is negative semi-definite. The stabil-analyzing the error dynamics @fin Eq. (17). The quick conver-
ity of 7=0,%Z=0, andO =0 follows. Using Barbalat’'s Lemma it is gence rate of estimated statéollows from Eq.(17), and the facts

possible to show that lim,..5(t)=0. Convergence &=0 and® thatt —0, oy is large, and?, ® are bounded. The last condition in
=0 cannot be guaranteed if there is no persistence of excitatigkssumption 1 follows directly from the definitions of andf(v,).
Using the fact thab =0, in this case the equilibria that are reachelf is clear that in this analysis other possible sources of bandwidth
satisfy constraints of the systems, such as time delays, are not considered.
The scheme is designed to be used in vehicles that have direct
502<1 _ﬂl) —7f(v,) T3+ 0,54=0 (33) actuation on the brakes systems. T_his i_s necessary if typical hu-
o man reaction times to emergency situations are to be reduced.
In this section it is assumed that:
Assumption 2

N>

F+—3,=0 (34)
(o)
0 1. 54(0)>0, T35(0) <0 andd,(0)>0.
2. v()=vgin Ot=0
Under these assumptions, the structure of the system com-
posed by, o3 and, is

Remark 2 In the above combined stability analysis the
Lyapunov candidat®V, introduced for the controller design con-
troller was not included because the controlled target &given
by (19) is decoupled with the observer and parameter adaptation

errors ®,Z, andv. Therefore, the stability of the controller is
analyzed separately to the observers and the parameter estimators.

qt

o w2 wf)?Z -y,

0
4 Underestimation of Friction Coefficient T}s =| yfW)2 - 15FA0) 2 st 2, || 75
A very desirable feature to be attained with the observer and — f(0)2w 2 ~
adaptive scheme in Eq), (11), and(17) is the underestimation 0y vazoe - yaf(v)zo, Yalr 74
of the maximum coefficient of friction,, This underestimation (36)

provides conservative estimates for the intervehicle distance tha
will yield safe emergency braking maneuvers.
From Eq.(8) it is clear that

‘:or simplicity, consider the system in E®6) as time invariant
in order to find an approximate condition for underestimation of
~ ~ B friction coefficientu. The solution, with initial condition&r,(0),
oo(t) =0, OT5t)<0, ando,t)=0 (35 T5(0) andT4(0), is
will produce this desired underestimation property, i&n(t)
< um(t) provided that:
Assumption 1 ~ 1 . ~
P 0t = Sl e+ 32 (wn) + adiF0) + (1

1. The estimated state variable converge to its true state IR - ~ o
quickly. - €M) y2(v)T3(0) + (1 - ) y075,(0)] (37a)
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() = %[(1 — &) 5,2 (0)50(0) + (o + ya0?

+ 221 4(0,) € 55(0) - (1 - &) y3y,07 v6)T4(0)]
(37b)
1
T4(t) = [_3[(1 — &)y, Z255(0) — (1L — € ) 522 (v,)T5(0) + (2

+ y322F2(0,) + y0Pe ) 5,(0)] (370)

where 8= yo22+ v 2f%(v,) + yav?.

Lemma 2 Assume that Lemma 1 and Assumption 2 hold, then

there exist gainsy, y;, and vy, such that if the following condi-
tions are satisfied

(

thenoy(t) =0, o3(t) <0 and o,(t) =0, Ot=0.

Proof: First assume that is close to 0, then the evolution of
ao(t),o5(t) and T4(t) is dominated byaoy(0) >0, o3(0)<0 and
7,4(0)>0 because the terrfl—e#") can be neglected. Now as-
sume the worst possible case, which happens-id. In this situ-
ation for op(t) to remain positive, according to Eq37a), it is
necessary that

(ys22F2(0;) + 740D 50(0) + y4vZ54(0) = 2 (v,)[75(0)]
(39)

2

Yot 74%)|5'3(0) = y5f(v,)T4(0) = yo|o5(0)| (39

Inequality (39) will hold if

¥sZf(0)50(0) = %o2*f (v,)[G5(0)| (40
which is precisely the second inequality in Inequali®g). Simi-
larly, according to Eq(37h), for o3(t) to remain negative it is
necessary that

Y3Y4 o~
—
Yo

(%62 + y407)[53(0)] + (0) = y52%f(v)35(0)  (41)

Inequality (41) will hold, in turn, if
(02 + ya))[a5(0)| = y52f(v,)T0(0) (42

which is the first inequality in Inequality38). According to Eq.
(37c), T4(t) will always remain positive. |

hylUTU,0||
= hy(1 - a5’ (v,)2)
hyd(1 - L) (v + )

_ ~ hglUTU| hglUTU,0|

V=-[lOlZ P[] hjul hyoef(v,)
0 0

16|

2

]

whereWw =[||0|| 7| [7|]7, H=diaghs,h,,h,} and

1
X - 5WT(HS+S™H)¥ (44)

IUTUl uTuel  UTU6
||U3|| Uof(l)r) - (1 - U'of’(l)r)z)

0 0 d(1-L)(v+0)
According to[17] a necessary and sufficient condition for the
existence of scaldny,h,, andh; that will make Eq.(44) negative
definite is that the principal minors of the mati$&are positive
definite. The first two minors are proven directly to be positive,
the third one, given by

d(1-L)(v +0)2f(v,) o5 (46)
will be greater or equal to zero provided that conditions on Lem-
mas 1 and 2 are satisfied. This proves asymptotic stability and

therefore that lim...v(t)=0, lim,_..z(t)=0 and lim_..©=0.
The underestimation gk, follows directly from Eq.(8) and
Lemma 2. |

S (45)

5 Simulation Results

In this section, the controller-observer designed in this paper
will be tested by simulations. Before doing that, the ability of the
LuGre dynamic friction model to describe tire-road frictions
forces is illustrated. Figure 1 shows how the LuGre dynamic fric-
tion model and the magic formul&] fit a set of experimental data
obtained from[18]. The curve that corresponds to the dynamic
friction model was obtained with the pseudostatic solution de-
scribed by Eq(18) in Sec. 3. It is clear from Fig. 1 that the two
curves are very similar. Other testing results with different experi-
mental data showed consistent fitting behavior.

Emergency braking manuevuers are simulated. They consist of
driving a vehicle traveling at a speed of 30 m/s to a complete stop

Finally, the main result of this paper is stated in the followings soon as possible. It is assumed that just before the vehicle

theorem.

executes the emergency braking manuever, the parameters of the

Theorem 1 Consider Assumption 2 and Lemmas 1 and 2, thefynamic friction model©, the friction internal state, and the

under the observer and adaptation laws in E@S, (10), and(11)
the equilibriumv =0,Z7=0 and© =0 is stable. Moreover, the maxi-
mum coefficient of friction unax iS underestimated and
lim;_,..v(t)=0, lim;_,.z(t)=0 and lim,_,..©6 =0.

Proof: The choice 0fz(0) <0, 7y(0) >0, 73(0) <0 andc,(0)
>0 together with Lemma 2 implies thatd =0 and, therefore,
that the produc®TUTUO does not vanish, except whéh=0.

Choose Lyapunov function candida¥eas

3
W=h; Wi + hoWs + haWa = E W,
i=1
with hy,h,, andh; are positive numbers. The time derivative\of
satisfies, similar ag31),

hsUTU hUTU,0 heUTU,0 5]
V=-[077] hUs hyoof(v) —hyl-oof )2 || Z
0 0 hd(1-L)w+0) || 7

(43

Equation(43) can be bounded by

26 / Vol. 127, MARCH 2005

vehicle velocityv are unknown. The observer and adaptation law
will work simultaneously with the emergency braking control law.

In order to illustrate the underestimation feature of the control-
ler, it is also assumed that signs@f, o3, anda, are known. It is
also important to remark that the scenario that is simulated corre-
sponds to the worst possible case during emergency braking man-
uevers, i.e., that there is no precise knowledge of the parameters at
the moment the emergency braking maneuver has to be initiated.
In a normal situation, if the observers and parameter adaptation
law are already active before the emergency braking, then the
state and friction parameters would be properly known, and the
controller would achieve near to maximum emergency braking.
However, a much more challenging situation occurs if there is a
sudden change in the parameters of the tire-road interface and the
controller has to adapt them while performing the emergency
braking maneuver.

If the parameter adaptation law is being used, for example, to
set a proper intervehicle distance based on the current tire-road

The braking force is not maximum because initially the controller does not apply
full brakes, that is the optimal value. Instead, it tries to track asymptotically the

desired slip given b)im.

Transactions of the ASME
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Fig. 1 Comparison between the psedostatic solution of the LuGre dynamic
model and the “magic formula” for a braking case

interface, then the controller can guarantee avoidance of rear agltrarantee underestimation. In this case it is possible to use tech-
lisions between vehicles. However, a sudden change on the pijues, such as the one proposed b9, that allows one to have

rameters of this interface can lead to situations where it is ngtquick indication on the type of tire-road interaction.
possible to guarantee that a emergency braking would not end in &ne nominal data for the simulation are taken from the param-
::?:zrascgs”lfsr?rglozllspé)sintth:n iﬁzerov;zetg ;hn%tfrr]'ecrt_'Oé'vgg?g'fr:?sn\tlvgfe’t_ers of the LeSabre cars used in the California PATH program as:
case scenario, the controller designed in this paper will achie =1701.0 kg Cay=0.3693 .N.élmz’ JZZ'GOS.KQ R
braking in such a way that in case of a collision, this will happen0-323 M and the brake coefficiek,=0.9. The nominal value
with the smallest possible velocity. This is the safest behavior offf the dynamic friction models was obtained off-line by adjusting
can expect in such a difficult situation. a proper set of parameters that fit the data of a pseudostatic fric-
When a sudden change in the friction coefficient happens, ittien curve[11]. As mentioned before, it is assumed that measure-
convenient to have different sets of possible initial conditions tments of wheel angular velocity and vehicle longitudinal accelera-
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Fig. 3 Estimated velocity (V) and relative velocity (V,)

tion are available. Before attemping an emergency brakingFigure 4 shows the friction coefficient and braking pressure
maneuver the vehicle is cruising at a constant speed of 30 m/sluring the emergency braking maneuver. It is important to realize
Figure 2 shows the convergence of the dynamic surfafre that there is an increase in the coefficient of friction at the end of
the emergency braking maneuver. It is clear that the &aon- the maneuver. This behavior is consistant with other observations
verges to zero very fast. Althought the dynamics of the vehicig the literature that suggest a velocity dependence in the coeffi-
and the tire-road interface do not allow an instantenous change@g@nt of friction [20]. Figure 5 shows the braking acceleration.
the relative velocity, the results in Fig. 2 show that the dynamiagnitude of deceleration increases with time.
surface is first crossed at 0.1 s The estimated internal friction statds shown in Fig. 6. Figure
Figure 3 illustrates the time evolution of the estimated vehiclg jjjystrates the evolution of the estimated friction parame€ers
velocity and relative velocity. It is shown that both estimated Veyhen a proper set of initial estimation errors and adaptation gains
locities,v ando,, converge rapidly to their true values. The initialare chosen. It is clear that when the velocity of the vehicle is
guess for the longitudinal velocity can be obtained frof®) above 3 m/s estimated parameters converge. There is a distur-
=Wr. bance in the convergence of the parameters at the end of the
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Fig. 4 Friction coefficient  u and braking pressure P, (KPa)
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Fig. 5 Braking acceleration

maneuver. In the last 0.5 s the deviations of the estimated paraawmeid real collisions even in this case of overestimation. The
eters result from the “Stribeck effect” that induces a change on theplementations of this coordinated braking requires, however,
coefficient of friction. It should be noted, from the plot of the errosome degree of automation in vehicles.

in the coefficient of friction on Fig. 4, that underestimation of Finajly, Fig. 10 shows the evolution of the reference relative

maximum friction coefficient occurs at all imes. . velocity, the relative velocity and the dynamic surf&avhen
Figure 8 illustrates parameter evolution in a simulation i

which underestimation does not occur. In this case, as Fig.t reisa ghange In the vehicle madsof 30% and of Fhe brak_es
shows, the emergency braking maneuver is still properly corfYStem gaink, of 10%. It can be noted that even if there is a
pleted. However, if the spacing between the vehicle and its legéggradation on performance, the emergency braking maneuver
ing vehicle is established based on this overestimated maxim@&tHl works properly and shows the robustness of the controller
friction coefficient, a rear collision may occur. Strategies of coorgainst uncertainties in some of the critical parameters.

dinated braking, like the one suggestedify may prove usefulto  Simulation results show that the adaptive controller scheme
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Fig. 6 Internal state (z, dashed), estimated internal state (Z, solid ), and esti-
mation error (2)
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Fig. 7 Adapted parameters; underestimation case, reference value dashed

presented in this paper overcomes the drawback givéhlihby laboratories to produce the pseudostatic friction curves, where the

using vehicle longitudinal acceleration in addition to wheel angulynamic evolution is controlled and only a limited set of steady-

lar velocity. By using these measurements, the lack of observatsitate points are used produce these curves.

ity issue reported if11] is addressed. It is to expect that the three feedback terms included in the
It is important to remark that the simulation results obtainedelocity observer, parameter adaptation law, and master cylinder

with this dynamic friction approach are not easy to compare to tipeessure control law will be helpful to compensate errors in the

normal pseudostatic friction curves, as that in Fig. 1. Emergenayeasurement of the instantaneous friction coefficient and of the

braking is a dynamic maneuver in which all the states changalue for the brakes system gain.

rapidly. This is very different from the situation that is used in Finally, the simulations are performed in a noise-free scenario.
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Fig. 8 Adapted parameters; reference value
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non-underestimation case,
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Fig. 9 Estimated of velocity (V) and relative velocity (V,); non-underestimation
case

The lack of this noise is a severe disadvantage for the identificestem states. It was assumed that measurements of wheel angular
tion process. The exciting signal in this case, the emergency brakelocity and longitudinal acceleration are available, which is a
ing trajectory, is a signal that lacks persistence of excitation coreasonable assumption in modern vehicles. The control law sets
ditions. Therefore, the results obtained represents a pesimigtie master cylinder pressure in such a way that near-optimum

scenario. braking was achieved. Stability analysis of the combined
. controller-observer scheme was presented. The reference trajec-
6 Conclusions tory for the maneuver tried to keep maximum friction at all times

In this paper emergency braking control of vehicles was digluring the braking process. Moreover, under the proper choice of
cussed. Under the assumption that a first-order dynamic frictig@ins of the parameter adaptation law and initial values of esti-
model appropriately represents the behavior of the tire-roamated parameters, the proposed scheme was shown to achieve
forces, a controller-observer scheme was designed to determimelerestimation of the maximum friction coefficient under lack of
the unknown tire-road model parameters and the nonmeasupsisistence of excitation. This is a very desirable feature from the

Reference relative velocity Relative velocity
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Error in relative velocity
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Fig. 10 Dynamic surface § with mass M changed 30% and K, changed 10%
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_pseUdOStatiC friction models. When applied to an emergency brak[?g Choi, W., and Swaroop, D., 2001, “Assessing the Benefits of Coordination in
ing maneuver, these results showed that vehicles can be stopped Automatically Controlled Vehicles,” i2001 IEEE Intelligent Transportation
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