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ABSTRACT best of our knowledge, none of these works deals with expert

This article deals with the nonlinear feedback regulatién o driver-inspired vehicle active safety systems for velsdlethe
the longitudinal traction forces for high-speed vehiclesssibly limit of their handling conditions.
over a low friction surface. Hybrid models of the longitualin In this article, following our previous works [7,9, 10], we
vehicle dynamics incorporating load transfer effects, acial develop a hybrid model of a vehicle during “left foot brakirey
element in advanced driving techniques, are derived. The de specific driving technique used by rally drivers, which takel-
signed hybrid regulator allows the tracking of a given fiact vantage of the load transfer effect from front to rear axled a
force profile in the presence of known disturbances and umkno  vice versa, to control the friction forces at the front andrre
model uncertainties. Simulations show good performanteedf  wheels. Specifically, in this technique the driver applieskib
proposed hybrid regulator under all operating conditions. ing and acceleration commands simultaneously in order & fin

tune the total torque applied to the wheels.
We describe the system’s behavior at two levels of abstrac-

INTRODUCTION . . _ ~tion (the wheels and the vehicle) through a finite number sf di
Accident avoidance is the primary task of automotive active ¢rete states and state transitions. We use a family of aoois
safety systems. During an imminent collision, when thea®  models incorporating the load transfer effect, within thetivid-
reaction time is rather limited, the full utilization of theehi- ual discrete states. Continuous control laws, based ondhe n
cle’s handling capability becomes critical. Only experivers linear output regulation theory and tracking a given fdotforce
are masters of controlling the vehicle at these extremenmesi  profile, are designed at the highest abstraction level, hpte-
Incorporating expert driving skills in an active safetyteys is mented at the more accurate, lower wheel abstraction level.

an important step forward in the technology of future accide

avoidance systems. By fully utilizing the vehicle’s handlica-

pability one should be able to stop the vehicle faster or teeno PROBLEM EORMULATION
the vehicle away from a hazard, thus improving vehicle raspo Vehicle Model

0 Ie\éels thellt aretr)kc))ttpossﬁle bybnowfje drllvers.d. the last We consider a vehicle in a straight driving condition as
everal contributions have been developed In INe 1ast years g, i Figure 1. We assume that the vehicle lateral loadira

to improve vehi_cle control stability. Ar_lti-loc_k braking stgms fer is zero and the road surface friction is evenly distrouon
(ABS) and traction control or acceleration slip regulaesR), the right and left wheels. The four wheel vehicle can, then, b
are examples of the current state of technology. Howevéngo modeled through a two-wheel bicycle model as shown in Fig-

ure 1. Let€ = (v,wr,wr)" be the state of the vehicle, where
is the translational velocity (measured along the longitalddi-

“Email address: annalisa@gatech.edu. rection of the vehicle) of the center of mass, with andwg the
TEmail address: tsiotras@gatech.edu.
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Figure 1. LONGITUDINAL FORCE DISTRIBUTION ON A TWO-AXLE
VEHICLE ON A LEVEL ROAD.

angular velocities of the front and rear wheels, respelgtivéne
equations of motion of the vehicle are

mv = fg + fr— fq, (1a)
lFor = Tr —rfF, (1b)
Irtor = TR—rfR, (1c)

where fg [N] and fr [N] are the tractive friction forces acting
on the front and rear wheels, respectivdly|N] is the external
disturbancem [kg] is the mass of the vehicle bodly, [kgnv]
andIr [kgn?] denote the rotational moments of inertia of the
front and rear wheels, respectively, andm is the rolling ra-
dius of the wheels. Furthermor®; [Nm] is the total torque (en-
gine drive torque and brake torque) acting on each of thet fron
wheels, whileTg [Nm] is the total torque acting on each of the
rear wheels. Without loss of generality, we assume a FWDn{Fro
Wheel Drive) vehicle, for which a possible distribution biet
driving torqueTghast [Nm], produced by the engine, and the brake
torqueThrake [NmM], produced by the braking system, on the front
and rear wheels is given by [5]:

Tr = 0.5Tshaft— 0.3Tprake
Tr = —0.2Tprake

(2a)
(2b)

The disturbance due to the rolling wheel resistance is gyen
fg = Cronmg, wherec,q is the rolling resistance coefficient and
g [m/s?] is the gravitational acceleration. Following [2, 6], the
longitudinal forces acting on the front and rear tires avegiby

fe=Ur(AF)NE,  frR=HR(AR)NR, 3)

wherepg (Ag) andpr(AR) are the friction coefficients, whillsie
andNg are the normal loads on the front and rear wheels, respec-
tively. Typically, u= (Ar) andpr(Ar) are nonlinear functions, de-
pending on the slip ratios of the front and rear wheglsand

AR, respectively. Using the Bakker-Pacjeka model [1], we may

2

assume that the friction coefficients depend on the slipsas
follows

M« (M) =D sin(C* arctar(B*)\*)), x=FR 4)

whereB,, C,, andD, are parameters fitting experimental data.
For notational convenience, the argumenpgnand pr will be
dropped in the sequel. The normal loddsandNg satisfy the
following relations

IR h

| I h_
Ne =mg—" — —mV, Nr=mg— +-mV, Ne+Ng=mg
L L L L

(5)
with h [m] the vertical distance to the vehicle’s center of mass,
Ie [m] the distance from the front axle to the vehicle’s center of
mass/r [m] the distance from the rear axle to the vehicle’s cen-
ter of mass and. the distance from the front to the rear axle,
given byL = I +1r. As described in the next section, the ve-
hicle has an intrinsic hybrid nature that leads to a hybridieio
abstraction.

Hybrid Vehicle Model with Load Transfer

In this section, we use the formalism of hybrid systems [8]
to model the longitudinal vehicle dynamics of a FWD vehicle,
including the effect of longitudinal load transfer. We posp
two different abstraction levels for the hybrid system niodg
a FWD vehicle: the Vehicle-level Hybrid System (VHS) and the
Wheel-level Hybrid System (WHS), as depicted in Figure 22 Th
difference between the two levels stems from the effecthief t
time delay between the driver’s command (accelerate orerak
and the reactions of the wheels in the model descriptioncéior
venience of notation, in Figure 2 we denote with the supgrscr
7 the elements related to the VHS model abstraction and with
superscripti/ the elements related to the WHS model abstrac-
tion. We will use the VHS model for designing the controller
and the WHS for evaluating the efficiency of the designed hy-
brid controller. Both the abstraction levels are describsitig
the following definitions of the wheels’ and vehicle’s oparg
conditions.

Definition 1: Wheel Modessiven the wheels’ slip ratios for
a FWD vehicle [2]:

d J—

A = [OF dvd for v <raf, (6a)
rog

A& =0 for v =rug, (6b)
b

AR = rmFVD—vb for VP> rug, (6c)
b_

AR = “*’R\/D Y for s rog, (6d)



we say that the front (rear) wheel is wheel driving modef ing/braking mode()\,‘i >0 and)\g < 0):
A >0 (\&=0) and it is inwheel braking modéf A2 < 0
()\% < 0), where the superscribed indexdenotes thedriving 4 b ed
modeand the superscribed indbxdenotes théraking moddor kO(f +fR- fd)
the corresponding wheel. fdy fd_ ¢d

Definition 2: Vehicle ModesGiven the total force acting 2 (x.u,d) = _ko( : i/_O'R : )yd lenF +k27fn':
between the vehicle’s tires and the roadfgs= fg + fr — 4, fF + fR— fd B
we say that a vehicle is inehicle driving modé fio; > 0 and in ko( W ) R k3\_,5 T,b_
vehicle braking mod# fior < 0, where the forcestf, £9) for the (10

vehicle driving mode andfp, fR) for the vehicle braking mode, 3. Vehicle braking mOdd(?ft%t <0) Q/Vith wheels inwheel driv-
given, respectively, by ing/braking modéAg > 0 andAg < 0):
| h ko( fid+ fR— f8
s (mgL F;pé L hid fg)’ e fd+ fd ( )
g0 (71 " oud) = ‘“@LW%—JW hW“*“W“F
R™5 ko(fF+fR—fd)yb k1R
b_ b Ir—hid h b —p /R \—,5 ;5
f,:—up(mgL (L2 — LB +L AL — 2 fd)’ (70) (11)
Fh(E —kR) - LA h(E —g) 4. Vehicle braking modéfZ, < 0) with wheels inwheel brak-
; : b b_ )
. ug( I3 +th€ - f:) g fé’), (7d) ing/braking modé\R < 0 and\& < 0):
L+h(uF —Hr)  L+h(pe —pR)
o 1B+ 18— 18)
wherefd = 2 = f4 and 4+ fR— f2
§=1="1a (9 (cud) = | —ho(EF—0 ) - ;5+kz;5
R4 £ — 1§ 1
- +
ud = D sin (C,: arctar{BeAg )) for 0<Ad <1, (8a) ko( WP )y% K?’\_/5 k47/5(12)
H?e =0, for N = 0, (8b) 5. Vehicle braking mod(eft%t < 0) with wheels inwheel brak-
b ) ing/driving mode(AR < 0 andA$ = 0):
Hg = Desin (C,: arctaniB,:)\F)) for —1<Ag <0,(8c)
W = DRsin(CRarctar(BR)\%)), for —1<A%<0.(8d) ko(fb +fd— f(?)
£ (x,u,d) =

P+ 2 — f2 TP
N | | | o(HE )k E e
Deriving and rearranging terms in (6) and using (1), and (13)
after denoting withx = (v,)\F,AR)T the state of the vehicle in ) )
slip ratio variables, one obtains five dynamic systems, rghie Wc?ereko = %/gn, ky=r /IF*dkz =T/IF. ks ™ /IR ka=T/IR %nd
x=f"(x,u,d) (i = 1,...,5)), which model the longitudinal ve- ~ NF = (1—AF) VE=(1-A2) R = (1+AR), andyg = (1+AR).
hicle behavior at the wheel level, as follows: At this level, we assumed that both engine and brake torques
do not have an immediate effect on the wheels, but there is a
time delay between the driver's command (accelerating ak-br
1. Vehicle driving modgfg, > 0) with wheels inwheel driv- ing) and the effective reactions on the wheels. Using thatiuot
ing/driving mode(Ag > 0 andA& = 0): described in [8] each of these five models corresponds te-a di
crete statg”’ € Q" = {q1 ,q2 ,q3 ,q4 05 W1 of a finite state
automaton as deplcted at the bottom in Figure 2: two for the
ko(fd + 8- fd) vehicle driving modec(l andq ) referring to a total friction

flw(x, u,d) = fd o fd_ gd force bemg nonnegatlve and three for the vehicle brakingen
ko(w)yg klvdr]F+k2Vd nd | (@ andq4 andg”), where the total friction force is negative.

(9) The stateq1 corresponds to (front and rear) wheels with friction

2. Vehicle driving modgfd, > 0) with wheels inwheel driv- slip ratios nonnegative, am;ﬂ"’ corresponds to (front and rear)



wheels with friction slip ratios negative. The rest of thates
(@}, a3, a2) describes mixed operating conditions, in which
front and rear wheels have slip ratios with different sigiihe
transitions among these five models are regulated by thelguar
conditionsGJ}, GJ4, G¥,, GJ¥, G, which are forced when the
invariant conditions are violated. After a transition, Statex
can be reset through the reset functioR&( R3,, RY, andR}Y,
R2/) described in Figure 2.

At the VHS level, we assume that the time delay between
the driver's command to accelerate (brake) and the reactbn

1 = {AF > 0.Ar =0, fir > O,u=u,d = 1§},
1Y = {Ar <0,AR <O, fiot < O,u=uP,d = 2},
%=1y, GL=I¥, Rh={x=x}, RL={xi=x}.

17V = {Ag > 0,\r =0, fio > O,u=ud,d = f§},
17V = {\r > 0,\r < O, fiot > O,u=u®,d = f§},
13V = {Ag > 0,\r < O, fiot < O,u = udb,d = 2},
17V = {Ae < O,Ar < O, fior < O,u=uP,d = 5},
12V = {Ag < O,Ar =0, fiot < O,u=uPd,d = 2},

=1y, €=, CE=1F, Y= ="
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Figure 2. GRAPHICAL REPRESENTATION OF THE HYBRID SYSTEM
MODELING THE LONGITUDINAL VEHICLE DYNAMICS AT VEHICLE

(/) AND WHEEL (W) LEVEL.
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the wheels (front and rear) is zero. This allows a desciripaib

a higher level of abstraction of the vehicle through two mede
each corresponding to a staj® € Q% {qf,q;’/} of a finite
state automaton as depicted at the top of Figure 2: one for the
vehicle driving mode(ﬂ/) and one for the vehicle braking mode
(ng). The transitions among these models, depending on the
value of the system state described by (9) and (12), areatsgll

by the guard conditionsz(fz, G;Vl), stating when a transition can
take place. They are forced when the invariant conditierns (

1V, x€ 1Y) are violated. The reset functions &&, R};. The
VHS and the WHS models are connected through the following
relationsg} = qJ¥ andqy = q}¥ and consequentlfy” (x,u,d) =

£V (x,u,d) and Y (x,u,d) = ¥ (x,u,d).

Control Problem Formulation

In this section we formulate the control problem for the
vehicle-level hybrid system ((9), (12)) to determine a figbr
controller such that the vehicle accelerates or brakeeirtg
a prescribed reference friction fordgf(t), while the (known)
disturbances are rejected. This problem can be solved tising
nonlinear output regulation theory [4], where the refeseand
the disturbance are produced by an autonomous dynamiasyste
called the “exosystem,” given by

Wy 0 —we00 Wy
Wwo | |we 0 00| w
W3 0O O 0O ws |’ (14)
W4 0O 0 0O Wy

with initial conditionsw(0) = (wy(0),w»(0), ws3(0),ws(0))"
(1,0,vo,mg)", wherew [rad/s is the known frequency of the
reference signal angy [m/g is the initial vehicle velocity. We
consider a reference trajectory such that the total tradtic-
tion force is nonnegative for vehicle driving mode and dliyic
negative for vehicle braking mode. Denoting wit,Efref(w) the
reference friction force of the front wheel for driving, anith
f2*"(w) and f2"'(w) the reference friction force of the front
and rear wheel for braking, respectively, we define the esfes
trajectories as a combination of sinusoidal signals:

4 4 4
fd,ref W) = aw;, fb,ref W) = biw;, fb,ref W) = Wi,
F()i;lF()i;llR()i;II

(15)
where the coefficients;, bj, ¢, i =1,--- ,4 are determined such
that the physical constraints of friction forces are sa&tsfiHere,
we havea; < fg’max— CroMg, by < f,?’max— (Cro/2)Mg, €1 <
f2M3X_ (o1 /2)mg wherefd M {PMaX and 2™ are derived
from (7) anday =ag=bp=b3=c, =c3=0,a4 = Cioi1, bs =



Ca = Croll /2. The disturbancéy(w) acting on the system is

fa(w) = agwy. (16)

After settinge® = €2 ande” = (e2,€3)T, the output error equa-
tions for the vehicle driving mode and the vehicle brakingdeo
are:

el — (f,gJ _ fg’mf(w)) = h?(x,w),

b,ref 17
oo (B Ra) o

The control problem is then formulated as follows. Given the
high-level hybrid system model of the longitudinal vehidig
namics (top of Figure 2) of the form

x= £ (x,u,w),

18
& =hY(x,w), (18)

with its invariantsl i’/ and |§V , respectively, as reported in Fig-
ure 2, and with nominal values of their linear parts aroural th
equilibrium point(xo, 0, 0)

M=l m=L g%
(%0,0.0) (%0,0,0) (0,0)
B=2E L om=2 g2
(%0,0,0) (%0,0,0) (0,0)

(19)
where the initial statg is given byxo = (vo,0,0)T and the pairs
(Ad,BY), (A3, BY) are stabilizable, and given an autonomous lin-
ear system, Poisson stable="Swwith w(0) € W° ¢ R* (with
WP° neighborhood of the equilibrium point), generating (14 d
sign controllers of the form

ad(x,w) = cd(w) +Kd(x—md(w)),

aP(x,w) = c(w) + KP(x— (),

—

(20a)
(20b)

wherex = 1(w) € 1 ¢ R? andx = 1®(w) € 17 C R® with
md(0) = °(0) = 0 are the steady-state zero output manifolds,
and whereu = cd(w) € 17 ¢ R andu = c®(w) € 1} < R? with
cd(0) = cP(0) = 0 are the steady-state control inputs, for driv-
ing and braking dynamics, respectively, wkf andKP® matri-
ces such that the eigenvalues AE¢B3IK?) and @Z+B3KP) are

in the open left-half complex plane and such that régulator
equations

%SW: £ (10 (w), (W), ),

0 = h3'(T(w),w)

%SW: £ (e (w), ¢4 (w), w),

0 = hy' (e (w),w), ,
(21)
are satisfied for allv € W° and for all admissible values of the
parameters of the plant and the exosystem.

CONTROL LAW DESIGN

We design the hybrid regulator for the tracking of the trac-
tion friction forces of a longitudinal vehicle model in itytrid
formulation (Figure 2) using the nonlinear output reguati4].

i iy a®(x,w) :
! Driving Regulator 4 '
! 1
1 1
i| Exosystem Supervisofi
il (19-(16) :

1
: ad(x,w) :
i :
! 1
1 1
! 1
1 1
! 1
1 1
! 1

Braking Regulato *’37—1
b || kd
Hybrid Controller K2 LK

(9)—-(13
Plant

fd (W)

Figure 3. HYBRID REGULATOR SCHEME OF LONGITUDINAL VEHI-
CLE DYNAMICS WITH LOAD TRANSFER EFFECTS.

Vehicle Driving Regulator
We solve the regulator equation (22) for the vehicle driving
mode.

0

TS = kolTtg g ~Tg)

0mq Tl + Td — TTid g C d
FQ_ _ F R d _ _TE\nd “Ug \qd

ow = ( )TR@ kl(TR/j)nF+k2(TR/j)nF

0= T[fg — fg,ref'
(22)
Given (23), we compute the steady-state zero output mahifol
d(w) = (T, Tha )T and the steady-state inpeft(w) = Cyt» AS
follows

Mo = Vs (23a)
Ty = e (w) = BaWa, (23b)
Cug = UR |t (23c)
g = Dk sin(Cr arctar{Bg Tha ), (23d)



and
d |R h .
e = NE [ (w) = mg: - Em”'\/ia (24a)
T[f,‘:j = fg'x:rfj(w) = Tﬁ,l‘éT[NE’ (24b)
Mg = Y lrdw) = (1-T), (24c)
Tha = N L = (1-T59)? (24d)
From the last equation of (22), one obtamg = f2'®', and after

substituting this together with (15), (16), (23b), (24bjte first
equation of (22), one obtain%T\l;‘v—'dS: al—n\g\’l, whose solution is

TIS = awz + ws with a = a;/mwe. By inversion of (23d), one
obtains

Tha = Potan(prarcsin(ps(Mg))), (25)

after combining (24a) and (24b). Given the previous exjoess
of T andmg, one getstg of the form

Wy + agWy

s =L (26)

mglk — hagwy

From the second equation of (22), one gets the steady-state ¢
trol inputcug (control input of front wheel):

I lg 1 /Mg — Tiyg
Ci = —FLZLST[)@ +£= (M) +rmyy  (27)
Foor (1-my) rm* 1—-Tg
F F
i g d nd
with LsT[;\g = WS: Lpop1p20g Pg, where
J 1 1 1
OF = : 2\1/2 2’
cog (prarcsirpamg)) (1 (Pamg)?)M? (mgk — hauw)

(28)
andpg = —wea1 (Mg + haswa)wo. Finally, the steady-state so-
lution and the feedback control law for the vehicle drivingae
are

B aws + Ws
Tld — Tleq
Cw) = F ™ +'—F5(M) +174_{29D)
rd-me)? " rmt1-my

along with (20a), wher&¢ is designed based on the linearized
vehicle driving mode around the equilibrium poirmg, 0, 0) with

Xo = (Vo,0,0)T and described by the matric&§, B3, CJ in the
Appendix.

Vehicle Braking Regulator

We compute the steady-state zero output manifBldv) =
(T[vb,T[)\E,T[)\%)T and the steady-state inpat(w) = (CUE,CUE)T
for the vehicle braking mode, solving the regulator equa(g0)

ms = ko(T[f't:) + T[fg — T[fg)

ow
0T b Tp + Thp — T L) Cpb
o 5= ot () () ()
an)\b T[fb + T[fb - T[fb T[fb Cub
RS _ F R d) _ _ R _R
= Kol Ty (- Et) ka(wo)+k4(m)
0 T[f,? _ fg,ref
(0) n T[fg— f,g’ref .
(30)
The terms of (30) are defined as
Tr\/b = Vb|X:T[b(W)’ T[fé) = fC’ﬂX:T@(w) = a4W47 (31&)
Cp = ulg|u:cb(w)v Cp = ug|u:cb(w)v (31b)
T = D sin(Cr arctar{Bg e ), (31c)
T = DRsin(CRarctaniBRnAE), (31d)
I h .
T[NE = Ng|x:nb(w) = ngR - [mTR/ba (31e)
b g h .
Thg = NRlx—nb(w) = mgf + [mbv (31f)
o = Tl b = (M) (Mp), (319)
Tip = FRlxcrb(w) = (T ) (Te)- (31h)

Analogously to the vehicle driving mode, we find the solutidn
(30), given by

Tp = Bwy + ws, T[}‘E = thal’(al), T[)\g = Zotal’(az), (32)

whered; = qlarcsir(qzrﬁjg), O = z1arcsin pznug), and

_ I IF 1

Cp = Trr\,bLsnAFb+Ta(1+m\Fb)(nfE+Trfg—rrfg)+ranb,
_Ir Ir1

O = ETALeT, B L (LT ) (T + T = T ) + 1,

(33)



where

0T, b

bywy + baw, A
e LsThe = —F S= L0o010208 PR,
ow

mgk —h(by+c1)wy

T[“E:L

ot b
T;Hg =L CaW + Catig , LsThp = RS= LzozlzzoRpR,
mgk + h(Cl + b1)W1 R ow
with
P2 = —we(mglrby — hiy(by + C1)wa)wo,
PR = we(MgkCy + hm(b1+ C1)Wa)Wa,
ot — 1 1
F ™ cog(91) pzT[“F 2)1/2 (mgk — h(b1 + c1)wi)?’
ob — 1 1
R™ cog(9,) (1 221'[“R 2)1/2 (mgk + h(by + c1)wy )?’
(34)

with B = (by +¢1)/mMwe, do = 1/Bf, d1 = 1/Cr, g2 = 1/DF,
Zo =1/Br, zz = 1/Cr, 2 = 1/Dr. The feedback control law
for thevehicle braking modis given by (20(b)) wher&® is de-
signed based on the linearized vehicle braking dynamiasnaro
the equilibrium pointxo, 0,0) with xo = (Vo,0,0)™ and described
by the matrice#\3, B, C in the Appendix.

NUMERICAL RESULTS

In this section, we present simulation results, given in MAT
LAB, concerning a specific model of a vehicle, with the follow
ing nominal parameters (extracted from the “Big Sedan” eehi
in CarSim): m= 8535 kg, Ir = Ir = 0.9 kgn?, h=0.515 m,
lg =1.033m,JIg=1.657m,r =0.278 m,¢;oy =0.01,B=7,C=
1.6, D = 0.8. The reference friction forces on the front and rear
wheel ff*(t) and f€f(t) and the disturbancé(t) are assumed
to be generated by a four-dimensional neutrally stable yes<os
tem, with parameters. = 1 [rad/s| and initial conditionsv(0) =
(w1 (0),W»(0),ws(0),ws(0))T = (1,0,15[m/s,8373[N])". Fur-
thermore, the coefficients of the reference friction forbese
been set toa; = 0.65f2™* = 2333 [N], b; = 0.30f>™ =
934[N], ¢ = 050fbmax 1793[N]. Following Section 1V, the
controller is deS|gned for each operating condition, antthsis
of the vehicle model described by the VHS ((9), (12)), and the
simulations are performed on the full nonlinear vehicle slod
described by the WHS ((9)-(13)). In this way, we obtain the
regulation for the regulation erre(t), by the following suitable
choice of the control parameters:

— (K Kg) = (7587 11989 (35a)

b KD kS K& 953 12683 110
KP=1{ o] =— . (35Db)
k2 K2 K2 594 1175 680

Figure 4 presents simulation results for initial condison
(v(0), e (0),wr(0)) = (15.25[m/s|, 70 [rad/s|, 54.85 [rad/s]).
The figure shows the tracking of reference friction forq&(t)
and ngef(t) (first row of figure) and the related tracking errors
(second row of figure). Starting from an initial mismatch loé t
current friction force with the desired friction force ofetliront
wheel, the friction force tracking error of the front wheedches
zero around = 0.5 s. In the third row of Figure 4 the two control
variablesTghast and Thrake With the related switching variables
Ar and AR, are reported. It is clear that the controller allows

friction force on front wheel
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Figure 4. REGULATION OF FRICTION FORCES FOR A VEHICLE
MODEL: tracking friction forces on front f®f(t) and rear fi&f(t) wheels
(first row), tracking errors i (t) — ff®(t), fr(t) — fL&(t) (second row),
control inputs Tshafs Thrakeand slip ratios Ag (t), Ar(t) (third row) and,
switching from qi”’ to q;”’ via qéW (left, fourth row) and switching from

qZV to qi”’ via qéW (right, fourth row) .



the tracking of reference friction forces and the stabii@aof
the vehicle despite known disturbances acting on model and u
known model uncertainties. Finally, in the last row of Fighé
switching signals betweeﬁ"’ anquV of the automaton of Fig. 2
are shown. As can be easily verified, the intermediate stgtes
andqg”’ are indeed transient, having a very short duration.
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driving modeand, a vehicle braking regulato®(x,w), which
computes, through (32), the control input torques for tloatr
and rear wheels during theehicle braking mode The hybrid
controller depends on eight design parametqu’y\mh i=12
andk? with j=1,---6.) We verified, via numerical simulations
that, given a large compact set of initial conditions, it@sgible
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to tune the design parameters in to achieve the desiredotontr Appendix

objective despite known disturbances and unknown model un-
certainties. High-fidelity numerical simulations (usingrSim)

d d d
d _ [ %131 Bd — b1,
A = ad ad ) =l |
21 8% 21

of the presented algorithm are under investigation. b ab b bo. bo
ajg ajp a3 11 P12
AS= | abab, a3, |, Bg=| BB b3, |, Cf = (cB;c},rchs)
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