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Fault-Tolerant Control for
Automated Highway Systems

Jeffrey T. Spooner and Kevin M. Passirg@gnior Member, IEEE

Abstract—Increasing highway traffic congestion and real es- used to schedule efficient routes, taking into account current
tate costs that limit the building of new highways has brought \wveather conditions, highway incidents, and congestion [2]. See
about a renewed interest in an Automated Highway System [1]-[4] for an overview of the ITS effort.

(AHS) where the vehicle steering task (“lateral control”) and : . . . . .
the braking/throttle tasks (“longitudinal control”) are taken over Different traffic configurations have been considered with

by computers to increase the throughput of existing highways. regard to the intervehicle spacing within an AHS. The predom-
Since safety plays a key role in the development of an AHS, inant approaches are platooning and uniform spacing headway

fault-tolerant control is vital. In this paper, we develop a robust po"cies_ Under p|atooning, the vehicles are grouped together

longitudinal slldlng-mode control algo_rlthm and prove that thls_ such that the intervehicle spacing within the platoon is very
control algorithm is stable for a certain class of faults. In addi-

tion, we show that intervehicle spacing errors will not become SMall (€.g., 1 m), while the spacing between platoons is rather
amplified along the AHS in the event of a loss of lead vehicle large (e.g., 100 m). If a highway incident occurs such that
information. The performance of the sliding-mode controller the lead vehicle in the platoon applies emergency braking,
is demonstrated through a series of simulations incorporating none of the vehicles within the platoon will collide with
various vehicle and AHS faults. one another with a large relative velocity due to the small
Index Terms—Automated highway systems, automatic vehicle intervehicle spacing [2]. The uniform spacing headway policy
control systems, fault tolerance, lateral vehicle control, longitudi- aKes g slightly different view, in that the there is a moderate
nal vehicle control, sliding-mode control. intervehicle spacing (e.g., 20 m), so that collisions are avoided
during emergency braking situations. Platooning may double
I. INTRODUCTION the traffic flow rates obtained using a uniform headway pol-

HE CONCEPT of an Intelligent Transportation SysteHFy' however, safety and human factors must be taken into
T (ITS) has been developed out of the need for increasegnsideration. Within the different traffic configurations, the

highway efficiency and car carrying capacity while improvinggeryeh'qe spacing may be constant or velocity-dependent.
safety and ease of travel at a low cost [1]. The Automat ithin this paper, a velocity-dependent headway policy is _used
Highway System (AHS) is a key component in the movemeW[her_e the parameters may be set S0 that either platooning or
toward an advanced ITS for vehicles on highways. Updhuniform headway policy may be implemented. _
entering the AHS, on-board lateral and longitudinal control N [3]; it was shown that feedback linearization techniques
systems will drive an automobile along the fully automate@@y Pe used to achieve stable operation of a platoon of
highway. To enable this, each automobile will be equippéf?h'des with constant intervehicle spacing if information
with control systems which coordinate control between trebout the lead vehicle was available to each following vehicle,
brakes, engine, and steering subsystems. The IongitudiW&l"_e later in [6] the (_effects of communication losses between
control system is responsible for maintaining vehicle speed aYgficles were considered. The controller proposed herein
a safe “headway” to the vehicle it is following, while the laterallows for the incorporation of lead vehicle information,
controller is responsible for tracking a desired trajectory alodtpwever, we show that it is not required to provide a safe
the highway. With fully automated driving, the car carryin riving environment. Our controller development allows for
capacity of current highways may be greatly increased, whi¥@rying degrees of vehicle intelligence so that a combination
actually increasing the highway safety due to a reduction #f manual and AHS-equipped vehicles may share the same
human error. To further increase the efficiency and safety @ftomated lane. This approach may aid in the initial AHS
the highway systems, additional supervisory systems, suchdgyelopment when a dedicated automated lane may not be
an Advanced Traffic Management Systems (ATMS), may tvailable.

_ _ _ _ Using a velocity-dependent intervehicle spacing law, it was
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headway policy, platoon stability may be achieved. Within thi®tal mass center are defined as
paper, we use a constant time headway policy and a different 4
variable structure control formulation due to a more complex . Sy 4
automobile model containing independent engine and brake i = gz + Fwy) = nz_:l L, 4 mg sin 6,
dynamics. . 2

yThough a great deal of research effort has been invested = A (F = Vair.) @)
to solve AHS related problems, relatively little has been done
to address issues of fault tolerance. Within this paper, issues
of control system tolerance of automobile and AHS faults are CA (h— s Y2 2
addressed in conjunction with the controller designs, and a po (= Vair,) )
collision avoidance scheme is introduced to improve the safetf=w: — (le — Iy)wawy = a(Fy, + Fy,) — l(Fy, + Fy,)
of the AHS. The collision avoidance scheme is used to ensure —c(Fy, + Foy) + d(Fy, + Fr,)
that if a vehicle tracks its assigned position within a string, then 3)
it will not follow the preceding vehicle at an unsafe distance.
Varying degrees of fault severity may occur, including minaghere
faults such as tire misalignment and brake inefficiency due

4
m{j+dw. = fw,) = 3 Fy, = mg sin ¢, cos 0,
n=1

to overheating, up to major faults such as complete engine £, =C, cos 6, — L, sin o,

fa|Iur_e. Here_ we use technlque_s f_rom_robust_control to address F, =C, sin 8, + L, cos &,. (4)
relatively minor faults so that it is still possible to drive the

automobile with degraded performance. When developing a model for controller design, it is de-

This paper is organized as follows: In Section II, a simplifiegjraple to distinguish between measurable and unmeasurable
model (relative to the one in [11] that we use in our simulatioRgrms. Within this development, it is assumed that quantities
as a “truth” model) of an automobile is derived, including thgych as ground air speeds and road angles are not measurable,
longitudinal, engine and brake dynamics. In Section Ill, thgng although gyroscopes may be used, it is also assumed that
class of automobile faults are defined for which our contrghe angular velocitiesy,. andw,, cannot be measured (later
system will be robust. Section IV defines the sliding-modge show that only states and:#, possibly along with engine
system and proves local stability of the controller. Sectioghg prake states, need to be measured in conjunction with
V demonstrates the controller performance in the presengfis measurements for control). Since current automobiles in
of various automobile and AHS faults through a series gfeneral do not allow for rear wheel steering, and the front
simulations, while concluding remarks are presented withjiheels move together, we assign= & = & (see Fig. 1

Section VI. for wheel numbering) ands = 6, = 0. A further assumption
is made so that the turning of the automobile is due to the
Il. AUTOMOBILE AND AUTOMATED LANE MODEL steering angle of the wheels, and not differential tractive forces

To develop a fault-tolerant controller for use in an automat&?tw_een_the “re?’ S0 thaﬂl = dfs, anq CF’”.‘* = Ay, :
o simplify notation, consider the front tire circumferential

lane, a model which takes into account the principle autg Ch o Ch 4 O th : . f ial f
mobile dynamics, while remaining simple enough for contr reesCy = €1 + C3, the rear tire circumierential forces
- := C3+Cy, and the front tire lateral forcesy := Ly + Lo.

design, is necessary.
We may now express (1) as
A. Automobile Dynamics m(# — jw.) =C; cos § + Cy — Ly sin & + myg sin 6,
In our model, which is based on the one in [1%]js the — A, (& — Vair, )} — miw,. (5)
gravitational accelerationy is the total automobile mass, : )
and I, I, and I, are the moments of inertia for the total Now, we use a small-angle approximation for functions

automobile mass about the y, andz axes, respectively. The containing$, and group unmeasurable terms together as dis-
automobile angular velocities,, w,, andw. are defined about tyrbances, so that

the z, y, andz axes, respectively. The distances, ¢, andd

are defined from the automobile center of gravity as depicted m(i —gw,) =Cy+ Cr — L6 — A,i? + dy (6)

in Fig. 1. A,, and A4, are the coefficients of aerodynamic

drag in thex and y directions, respectively, with,;,, and where

vair, the ground velocity of the air in the body fixed reference

frame along ther andy directions, respectively. The forces de1 = —mzwy + Cy(cos 6 — 1) — Ly(sin 6 = 6)

on thenth tire are separated into a circumferential forcg +myg sin 6, — A o (ng‘u — 20Uqir, ) (7)
and a lateral forcel,, with é, the angle between theth

tire’s circumferential direction and the direction of travel ofAs is standard, we will calk,; a disturbance since it rep-
the automobile center of gravity. The tire forces in theand resents dynamics of the plant that are not explicitly used in
y directions on theith wheel arel?,, and £, , respectively. the development of the control algorithm (it could represent
The road angle8, and¢, are defined about the andy axes, deterministic, but unknown, influences rather than stochastic
respectively. The equations of motion for the automobile@nes).
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Fig. 1. Automobile dimensions and numbering for modeling.

B. Power Train and Brakes The braking force is applied to the automobile body through

The driving force is applied as a torque from the enging?_e _interactio_n_ of th_e tires and road, _howe_ver, unlike _the
which then passes through the torque converter and the traffdving force, itis notinfluenced by the drivetrain. The braking
mission and differential gears to the rear whéele torque 0rces applied to the fronC,, and rear,C;, tires in the
on the wheels is then converted to a driving force throudtircumferential direction are given as

the interaction between the road and tires. Assume that the 1

angular velocity of the left and right front tires:{, andw,,) Gy, = R ho (&, way, )T, (10)

are equal and the angular velocity of the left and right rear 1 ]

tires (o, andw,,) are equal, so thab,, = we, = we, and Co, = ho(@, wa,, F0)Th, (11)

Wq, = We, = Wq,. The driving force in the circumferential

direction of the rear tires is defined by where T;, and 1;, are the braking torques applied to the

front and rear tires, respectively. Since the attenuation in
Cy, = Lhd(a‘;, Wa,y Fry we)Te (8) torque from the brake pads to automobile body relies on

RRy, the interaction between the tires and road, it is assumed that

whereT is the engine torque applied to the torque convertelty(-) cannot be directly measured. The braking torques are
R is the tire radius, andR, is the gear reduction due todistributed between the front and rear tires according to the
the transmission and differential. The driving torque transféfake proportioning factoy,, € [0, 1], so that

factor hy(-) takes into account the possible reduction in torque

transfer due to the wheel slip and/or the possible amplification Ty, = fopTh (12)

in torque due to the torque converter. The driving torque Ty, =(1 = fop)T3 (13)
transfer factor is dependent upon the automobile longitudinal

velocity, angular velocity of the wheel axles, the normal forca¥hereZ;, is the total applied brake force (i.€y := 1;, +13,).

at the front and rear tired;; and ., respectively, the engine The total braking force may be expressed as

speedw., and the road/tire characteristics. Since it is not

possible to measuré,(-), we considerhy(-) to be in the Co=Cp, +Cp, = %hbrTb- (14)
given range
Here
har = ha(2, wa, ; Iy, we) € [Mdyins Pyl )
with the time derivativeliy,| < Hy, where Hy is a known har := ho(#, waps ) fop & 1(#, W Fr)(1= fop)
bound on the derivative. € [Mbmins Moma]

1We consider rear-wheel-drive vehicles so that disturbances due t \#herehy and hy are known) and the magnitude of the
combined effect from steering and the throttle are not considered. Overall L . ; .
however, a methodology similar to the one developed here can be used HPe derivative is bounded bwbr| < H,, where H, is a
front-wheel-drive vehicles. known bound on the derivative.

min max



SPOONER AND PASSINO: FAULT-TOLERANT CONTROL FOR AUTOMATED HIGHWAY SYSTEMS 773

The induced engine torqug. is governed by whered,, is defined in (7). In the development to follow, the
time derivative of the longitudinal acceleration is needed, so

I 1 de . .
T, = — (=T 4+ uag) + - (15) using (15) and (19), we obtain

wherer, > 0 is due to the engine time constant and throttle (3 — 1 [ 1 har(=T% + ug + de)

actuator delayy, > 0 is the commanded engine (or driving) m | RR,7e

torque, andd, < D.(X,t) (X will be defined below) is 1 _ _

the engine disturbance whose magnitude is bounded above +Rn, hor( =Ty + 1w +dy) = 24, &8

by the known functionD.(X, ¢). The engine disturbance + dy3(X, 1) (22)

may occur, for example, due to the auxiliary (load) torque ‘ . o
of an air conditioner. A simple model of an engine was usatherez() denotes theth derivative ofs and
here so that a wide range of engine types and models coul ; 1 ;

. . . T = rdle 5 Is T ’ . (2
be approximated using an appropriate torque map. Althoug 3(X, 1) mRR, harle + mR Por Ty + daa(X 1) (23)
||_’1tern_al combustion engines are used almost exclusively at ttﬁ%s disturbance may be bounded by
time, in the future electric engines may become more common.
Within this paper, the torque map is defined to approximatgl,3(X, t)| < D,3(X, t)

the four-stroke fuel-injected engine described in [12]. The 1 1 J o4
commanded engine torque is given as "~ mRR, Hale - mR HTy + [daa( X, 1)] (24)
ttg = Tonax %AFI (16) (recall thatZ, > 0 andZ; < 0). Notice by the definition of
We d.3(X, t), that the size of the disturbances depends upon the

whereT,,... is related to the engine torque capacity,, is the road, atmospheric conditions (e.g., wind), and the dynamics
mass flow rate of the air leaving the intake manifald,is the Of the automobile itself.

engine speed, and AFlI is the air-to-fuel ratio influence. Here it

is assumed that during normal highway driving conditions, the [ll. AuTOMOBILE AND AHS FAULTS

engine speed will always be greater than zero. Since the intakgpig study is primarily concerned with robust control of

manifold dynamics are typically much faster than the engine:g,;omobiles within an automated lane for four separate classes

mechanical dynamics, the mass flow rate exiting the manifolg taits. These faults are 1) reduction in effective braking; 2)
may be expressed as a mapping from the throttle angte0  eqyction in the effective power transfer between the engine

Thao = MAX - TC(a). (17) and the automobile longitudinal dynamics; and 3) the loss

of accurate sensor information used to guide the automo-

MAX is the maximum mass flow rate, and the normalizegiles along an automated highway. The faults associated with
throttle characteristic TC is given as [12] braking and driving may be initiated by either the associated
o actuators or some failure in the physical system itself. Faults

TC (a):{ 1—cos [(1-144 59a—1.0600) @}7 a<79.46  associated with the automated lane, however, are typically due
1, a>79.46. to sensor failures used to determine intervehicular spacing.

_ o “Within this paper, only faults which still allow the automobile
The brake torque dynamics are similarly modeled as a fifgf he driven within the automated lane will be considered

order lag (then, e.g.completefailure of the brake or engine subsystems
. 1 dy is not considered).
Iy = T_b(_TbJF“b)JFT_b (19) In this paper, we will focus on faults which enter as

. . iti he di
where7, > 0 is the time constant for the brakes and brak?%nulgdﬁéi\;ﬁet?;qmt?o tthi S)I ?ttrebag?r%;’(% ’ 52) tﬁinsd/\c/)vre ar:ogify
actuatory, € [T, 0] is the commanded brake torque P que gains. '

and d, < Dy(X, t) is a brake torque disturbance boundeH1e longitudinal dynamics in (22) to

i i itudi 1 1
by the known functionD, (X, ¢). The automobile longitudinal NG har (=T + g + de)

dynamics state vector is given & := [z ¢ 7. T3]*. The m | RRy7e
vehicle dynamics will now be converted to a normal form 1
more suited for control development. +R—n, hor (=T + youp + db) — 2A,, &
Using (6), the longitudinal dynamics may be expressed as d
F=—| =5 haTe + = heTp — A,,Ia‘:‘ﬂ + dpa(X, t) _ S
m | RRy R where, is a multiplicative term that can be used to represent

(20) a reduction in engine powety, represents reductions in the
braking torque, aneh A f,, are added longitudinal forces due to
faults. With no faults, (25) reduces to (22) witly/dt)Af, =0

d.1(X, t) 3 2_06 <6— g)+awz) 4 &y and vy = ~v = 1. To reject the effects of the faults,

where the new longitudinal disturbance is given by

dua(X, 1) = it is necessary to know the bounds on the faults, that is,

m m p
(21) we assumed < [(d/dt)Af.| < F, (for some F, > 0),

T
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Fig. 2. Car following within an Automated Highway System.

Yd € [V s Vdonax)» ANAY5 € [Vorins Vomax] Wherevy, .. > 0 along a string of following vehicles. Allowing for a wide range
and v, > 0. Even though the bounds on the faults aref vehicle intelligence will allow for an easier transition from
needed (and in practice obtainable), the specific time-varyingrrent highways to AHS since AHS lanes will not need to be
behavior of the faults is not needed. separate from conventional non-AHS lanes.

Faults within the AHS may result from the loss of sensor It is desirable to be able to increase the spacing between
information, or from sensor errors, including gains, offsets, automobiles as the vehicle speed increases so that the auto-
noise in measurements. For example, a sensor may indigaebiles may safely stop in case of an emergency. For our
that the spacing between thigh and i — 1st vehicle is study, we will seek to maintain a distance &fz; + L;

10 m, when in reality there is only 5 m between thenbetween vehicles and: — 1 (see Fig. 2). We will assume
Sensor redundancy may be used to check the validity thiat A\, = A and L, = L for all :. Although one could also
each measurement, however, here we will simply assume thdtl a dependency on vehicle acceleration or other variables,
each measurement is correct for controller development, ahis velocity-dependent “headway policy” (also known as
through simulations demonstrate how the AHS faults affeat constant-time headway policy) is consistent with modern
the overall performance of the system. If the communicatialriving rules, such as allowing one car length between you
signal is lost between automobiles so that ttreautomobile and the car in front of you for each 10 mi/h. For example, if
has no information about vehicles in front of thelst vehicle, you are traveling at 60 mi/h, spacing of at least six car lengths
then we need to ensure that the AHS safety is not reducedstwould be maintained. The spacing error betweenitthend

a point at which collisions might occur. i — 1st cars is defined &s

8 =, + \i; + L+ M, (27)
=z, + Ao+ L+ M, —x;_1. (28)

IV. CONTROLLER DEVELOPMENT

Since the lateral velocity of an automobile traveling along a

highway is very small with respect to the longitudinal velocityThe actual distance between the automobiles is given by
the relative velocity between théh andi — 1st vehicles may ¢, .= . ; — M, — z;, whereM; > 0 is the distance between
be expressed as the ith and7 — 1st automobile centers of gravity if the front

s . of the ith automobile just is touching the rear of the- 1st

\Iji ~N Xy — Xi—1- (26) . . . . .

automobile (recall that the positive direction is from the

This implies that for controller development, the distand®llowing vehicles, toward the lead vehicle). Thésis the
between the center of gravity of thth andi — 1st automobiles spacing error, defined by the difference between the desired

may be expressed ab;, = z; — z;_1. intervehicle spacing and the actual intervehicular spacing
between theth andi— 1st vehicles. The one vehicle length per
A. The AHS Headway Policy 10-mi/h rule, with a vehicle length of 4 m, corresponds roughly

- . . . to A = 0.9 and L = 0 (for this example, if each vehicle is
Within an AHS it may be possible to have varying degreeﬁentical,Mi = 4). This value represents safe human driving,

of “intelligence” among the vehicles. For example, ther L

: " ; . ... though headway policies for an AHS may use much smaller
may be *dumb” vehicles which have no AHS capablhtles\,/ lues of), thus increasing the highway carrying capacit
vehicles equipped with a radar to determine longitudinal ang ' 9 ghway ying capactty.

lateral spacing information, and vehicles which have both @Please note that we uge here as the spacing error and earlier as the
radar system and a communication link with the vehicle ytheel angle; however, note that for the wheel angles we assumed rear-wheel

is followi ithin the AHS. H h L link rive and made the two front steered wheels move together so that our steering
Is following within the . Here, the communication lin angle isé (with no subscript) so that there is no confusion between the two

may be used to transmit cumulative position and velocity erradgriables.
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Thus far we have defined the intervehicle spacing efyor nass,)
between individual vehicles. Now we consider a spacing error ' S
between theith and lead vehicles. The “cumulative spacing
error” for the ith vehicle is

Zék:$i+iL+Z()‘j7i+Mi)_$0 (29)

k=1 k=1 Ai—si
where the vehicles are numbered such that0 corresponds —a
to the lead vehicle; = 1 corresponds to the first following — ———
vehicle, and so on. If a controller is designed to ensure that the too close safe region

cumulative error for each vehicle is driven to zero, it is possiblgy 3. A choice off(-) for the collision-avoidance scheme.
that disturbances acting upon tfith vehicle, wher®d < j < ¢,
will cause theith vehicle to also feel the effects of the

: . . as a first-order low-pass filter. It is interesting to note that if
disturbance. This occurs largely due to the velocity dependenc{:e P g

the head licy. If o allow = 0. th Cteleration were incorporated into the headway policy, the
upon the headway policy. It we were o allow = ©, €N -, ameters could have been picked such that the interaction
a standard cumulative error may be used [13]; however,

S L . &tween the vehicle would ideally behave as a second-order
would lose the low-pass filtering characteristics (d|scussedI

Bv-pass filter.
more detail below) of a velocity-dependent headway policy. P
DefineZ; to be the desired global position of thth vehicle B. Collision Avoidance
based on the current lead vehicle position and velocity (seé

Fig. 2), and define the “virtual intervehicle spacing” error for We wish to develop a longitudinal control law which will
the ith vehicle as guarantee that 1) every following vehicle will maintain a

A, = 2y + Ny 4 L+ My — 5, (30) _safe disFance frqm t.he vclahiclle it is following and _2) if sgfe
v ‘ ‘ T intervehicle spacing is maintained, then each following vehicle
Consider for a moment = M; = 0, forall¢ = 1, ---, ¢, will be positioned such that the string spacing errsy is
where there areg following vehicles within a string of vehicles minimized. These considerations take both local and global
with communication. The virtual positions may be found byhformation into account. Global considerations are in terms

settingé; = 0,4 =1, ---, ¢, so thatx;_1 + A#;—1 = zi—2. of the overall string objectives, while local considerations are
Setting #;—1 + AZ;—1 = #;—2 and &y = xo, then through in terms of an individual vehicle.
recursion down the string of vehicles, we obtain If only string spacing error (distance to the lead vehicle)
Xi(s) _ 1 - Xo(s) 31) information is available, then the controller for tith vehi_cle
(As+ 1) (¢ > 2) does not know how far away the— 1st vehicle

(where X;(s) is the Laplace transform of;). Unfortunately, is, thus providing a very unsafe driving environment. If the
we can only measure relative distances with a longitudin@ngitudinal controller for theth vehicle only knows the in-
sensor (within this study, we do not consider the use of Glob&rvehicle spacing errd; then it is possible to avoid collisions
Positioning Systems). Taking the Laplace transform of (309nd thus provide a safe driving environment, however, “slinky

after some manipulations we obtain effects” may be introduced into the automated lane. Slinky
. (As+1)i=L — 1 effects are spacing oscillations which propagate along a string

Xi(s) = Xi—1(s) = SOt 1T 5Z1(s) of following vehicles, causing the entire string to constantly

1 grow and contract [7]. This type of behavior may result in a
- W Zs(s) (32) very unpleasant ride for the passengers of the vehicles at the

end of the string. If the length of a string of vehicles is allowed
to oscillate over a fairly wide range, it may also become
particularly difficult for an Advanced Traffic Management

¢ System (ATMS) to schedule efficient traffic patterns, thus
z2(t) = =L — Mi+ Z (=®x + L) reducing the effectiveness of the AHS.
k=1 A new position error measurement is now defined to
ke into account the local and global considerations associated
ith a collision-avoidance scheme

e =0+ 2z (33)

wherez(t) = z;(t) andza(t) = zo(t) — z;(¢). Since this is a
linear system, we no longer restritt= M; = 0, SO we assign

where®; = z;_; —x; — M; is the intervehicle spacing betweer[
the ith ands — 1st vehicles obtained using a radar system.
the system is at steady-state (setting: 0), then

A; = Z 8 where
k=1

is a cumulative spacing error. We notice that the virtual 7= (8 = a— 8)I(A; — &) (34)
position allows for a filtering of the actual intervehicle spacingndII(.) € [0, 1] is a weighting function (see Fig. 3) defined
errors. This form of the filter was obtained directly by theuch thatz; is continuous. The weighting functiof(-) is
definition of the headway policy, then setting each intervehiclesed to take into account the importancebpind A; at any
spacing erroré; to zero. The constant-time headway policgiven time. A value oflI(-) = 0 implies that the following
causes the interaction between each vehicle to ideally behaehicle is a safe distance from the preceding vehicle so that
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Fig. 4. An illustration of different driving scenarios.

the global string position may be tracked; on the other hanghen tracking the string position without consideration of local
I1(-) € (0, 1] implies that the position of the preceding vehicleonditions may result in an unsafe driving environment. Using
should be taken into account before tracking the global striegr formulation, in this case we hava; — §; < —a and
position. It should be noted that, — &; is a signal which is 0 < II(A; — é;) < 1 so that we use; = A; + 2z and the
independent of the current state of titie vehicle. Fig. 3 shows controller will try to reduce both the cumulative errdy; and
the general form ofI(-) used within the collision-avoidancethe intervehicle errorg;. Notice that ifA; — 6; < 0 is large
scheme. The region to the right efa is whereII(-) is small €nough, thenll(A; — &) = 1 and we have a very unsafe
and it thus represents the safe distance operating region. FH¥INg condition. However, in this casg = 6; —a so that our

point —a is the closest that the following vehicle should get ggontroller is no longer concerned with reduciig; it simply

the preceding vehicle since whel-) = 1 the error becomes focuses on correcting the intervehicle spacing error so that we

e = 8 —a return to a safe driving condition. Finally, we emphasize that
¢ — Ug — W.

Fig. 4 demonstrates three different tracking scenarios Witlﬁkﬁe designer specifies the shape and positioning ofithg

. ) .~ function; hence the designer specifies the acceptable safet
an AHS. Scenario #1 shows the case whereithevehicle is : 9 P P y
: . . . . _ "~ regions.

too far behind both the — 1st vehicle and its string position.
In this case,_|t Is necessary for titd vehicle to move forward C. sliding Mode Control
along the string. After moving forward, Scenario #2 may occur _ )
at which point theith vehicle should not move too much Ve seek to drive the 32”0“ defined by (33), to zero. The
more forward, even though its string position relative to thfTor is now expressed ‘as
Iead_vehlcle has not yet been reached. If_ itievehicle does _ &= a1 (t) + a1 (t) + Br{ca(t) + aa(t) + foud (35)
continue to move forward, then Scenario #3 may occur |n3F ational simolicity. the stat 4 control variables hereaft

. . . . . . or notational simplicity, € Sstates and control variables nerearter are
which the:th \./ehl_de IS too plo;e to thie— 1st vehicle and th_e assumed to be associated with tiie automobile unless subscripts explicitly
headway policy is not maintained. Thus there may be timeste otherwise.
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where «;(t) and «ay(t) are known time-varying signals, continually seek to drive the system to thkding surface

1 (8)] < A1 () and|éa(t)] < A(t), i € [Bumins» sy ] ANC

SZ‘IO.

B2 € [Bmins» Pmax. |, @Ndw is the control input. The bounds Since the controller outputs may saturate, the error surface

Al (t); AQ(t) Z 0! andﬁminly ﬁmaxli Bmingn ﬁmaxz >0 may

is modified slightly to prevent integral windup. The new

be determined for driving and braking scenarios from tHengitudinal error surface is defined as

equations given below.
The longitudinal dynamics with a driving input (i.e,, = 0)
fits the form of (35) with

20A, . s ..
Oél(t) = —Tpl X — mEn hbTb =+ (37 — ai_l) (36)
Al(t) =A. + F. (X, 6)+ D3(X, t)+ E,
P = Mo 12 buman
A —ex  mim |7 mer [Dy(X, ¢t E
+ 2mRm, ol + mRm, [Do(X, 1) + B
(37)
a(t) =-T. (38)
AQ(t) = De(X7 t) + Eq (39)
A
3.(t) = h 40
pi(t) mRR,T. d (40)
Ba(t) =a (41)

where Tb, Td, and ¢,_; are estimates of}, 7., and a;_1,
respectively, and(d?/dt?)(A — &; + z)| < A.. Similarly, the
longitudinal dynamics with a braking input (i.et; = 0) is
defined by (35) with

—_ s T oA . 42
a1 (t) m SRR haly + (& —a;—1)  (42)
Eq
A=A+ Fo(X, 6) + Dys(X, ) + ~
P = P 12 hy
A—== = Tyl P+ —== [Dy(X, t) + E,
+ 2mR7y alb + mRm, [Da(X, £) + Ed]
(43)
ar(t) = =T, (44)
Ao (t) =D, (X, t) + F, (45)
Ahy,
51(t) = 46
i) = (46)
Pa(t) = (47)
Within the above, we defindy = (A4, + hd,.,)/2 and
hy = (he,,, + he,,,,)/2. The estimation error&,, E4, and

t
s:é—i—ch—i—cl/ e dr (49)
to
wheree is as defined before, and
‘ e, if the control inputs are not saturated
¢ = . (50)
0, otherwise.

Defining the integral term this way prevents it from increasing,
or decreasing, during actuator saturation to help minimize
overshoot once the actuators are no longer saturated. By doing
this, the sliding surface; changes depending upon the state
of the ith automobile. Though traditionally an integral term is
not needed to ensure exact tracking using sliding-mode control
theory, we incorporate the integral term here since we later
smooth the control action. The integral term thus provides
the tracking advantages associated with proportional-integral-
derivative (PID) control action within a boundary layer (i.e., a
small region around the surface = 0), while outside the
boundary layer we take advantage of the fast convergence
properties associated with variable structure control [14]. The
use of integral feedback may be eliminated by setting= 0
(it may be desirable to eliminate integral feedback if the
faults or time-varying disturbances are fast with respect to
the closed-loop plant dynamics).

Using (49) for theith automobile

t
/e*d’r
1] toe

s=la o (51)
¢
1d, . e* ,
e —ss—s<0[é}+e> (52)
where C := [¢; ¢2]. The existence of the first and second

partials ofII(-) is required for the application of Lyapunov sta-
bility proofs (i.e.,é must be continuously differentiable), thus

E, will be defined within the next section. Partial derivativeg is assumed thatl(.) is defined to be smooth. Substituting

may be used to determingl?/dt*)(A — &; + z), otherwise,

(35) into (52) results in

this quantity may be estimated and the uncertainty absorbed

into A;.

Consider a surface within the state space which passes
through the origin, defining the intervehicular spacing between

the ¢th ands — 1st vehicles as

t
s:é—i-ch—i—cl/ edr = 0. (48)

to

The values ofc; andc, are chosen such that i = 0, then
¢ — 0 exponentially. This is equivalent t§ being Hurwitz in

‘:3{0 {e@} Far(t)+a1(t)+5 [ag(t)—i—&g(t)—i—/}gu]}.

(53)
A controller will be defined such that? in nonincreasing
(s§ < 0).

D. State Estimation

Notice that the longitudinal error dynamics are dependent
upon the engine and brake torqué&s, and 7;, respectively,

p, Wherep := d/dt is the differential operator. At this point it and upon the acceleration of the1st vehiclez;_;. To reduce
becomes clear that it is desirable to stay on the surface defitleel number of needed sensors, we now define estimators for
by s; = 0 so that the state trajectoslidesalong the surface the engine torqué’, brake torquel;, and the acceleration of

to the pointe = 0. Hence, the controllers we develop willthe ¢ — 1st vehiclea;—;. The input signals to the engine and
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u communication between the vehicles has been established,
prior to the activation of controllers.

E. Control Laws

Since brake and drive torques oppose one another, it is as-
sumed that either a driving input, a brake input, or neither shall
t be applied at any given time. This excludes the undesirable
(and inefficient) simultaneous application of both throttle and
brake inputs. Consider the following control laws:

Fig. 5. A typical input to the automobile engine or brake systems.

brakes,u, andw,, may be expressed as U= Uy + U (62)
Ug :Sd(t) + Iid(t) (54) where
up = (1) + ra(t) (55) : .
. . _ 6 -
where |gloe < 4, bl < Eb Iralbl < Kqo and m=g {—C [ } —oalt) = ’flsgn@)} 63)
|5s(t)|oo < K. This type of input signal is illustrated in 1
Fig. 5. Consider the following open-loop estimates for the uz =7 [—ava(t) — kasgn(s)] (64)
driving and braking torques: 2
N . with
Te %Te =Ud — Te (56)
d T . T (57) i)l = \/ﬁminlﬁmaxlﬁminz ﬁmaxz (65)
o dt b= U= St 82 = ﬁminzﬁmaxz (66)
The error between the actual and estimated values for the o A c*
driving and braking torques are given by := 7. — 7. and b =f(Ar+ i +ns) + () C{é } t o (67)
ey := T, — 13, respectively. The derivative of the error may by = A A 4, _1 68
be found using (15), (19), and (25), with the above torque 2 =/hAz + (2 = Dlas] (68)
estimate definitions, (56) and (57), as follows: B = Pmasx, Pmaxs (69)
. 3min1 3min2
Te€q = [(7a — Dug + de — e4] (58) ; :
ey = [(’yb — 1)ub +dy — Gb]. (59) /92 _ ﬁmaxz (70)
Bminz

(Notice that the error dynamics of the estimates are dependent
upon multiplicative uncertainty created by faults in the engin(,;nol wheres, 7 > 0 are design parameters used to set the error
~vq¢ and brakesy,, since the estimates are defined ass“mi'?:%nvergenc;e rate. Here. we define

fault-free subsystems.) The following bounds are thus obtained ' '

for the torque estimates: 1, s>0
sgn(s) = _1 s<0 (71)
leal <1(va — 1)(7eZq + Ka) + de| ’ '
< Eq := max (|Vdy, — 1, We first prove that the above control law ensures exponential
[Ydoo, — 1D|7eBa + Kyl + D(X, t) (60) stability for systems defined by (35), and then show how
ley| < (v — D)(1eZp + K3) + dy to apply this to coordinate control between the brakes and

throttle.

< By = max (e, — 11, Directly substituting (62) into (53) we obtain

Vomax = DIZ0 + K| + Dyp(X, ). (61)

* 3.3
The estimate ofi;_; is defined asi;_1 := v;_1/7a — Za, s§ ;9{(0{2} +a1(t)> <1 - /1/2>
where, > 0 is the estimator time constant which may be by

arbitrarily set, andr,z, = —z, + v/7,. With this estimate, + a1 (t) — /3}/32 kysgn(s)
the bound on the error between the actual angj)estimated 1
accelerations are given gkgllee < E, = TaHaZiilHoo, 3o R B2 )
wheree, := #; 1 — 4;_1. Each estimate bound assumes that +h|a(t)( 1~ by +a(t) — by kasgn(s)
the estimator transients have died out. This requires that the nB.p3
. . . . . . _ 172 82 (72)
estimators be activated for a short time prior to the activation 7/3 o B .
min; ~ming

of the longitudinal controller. Since. and 7, are small, and

T, may be arbitrarily small, this poses a small problem. F@ince
example, the estimators for the engine and brake torques
may be activated along the entrance ramp, prior to entering /3}/32 (/}1 -1)> ‘1 _ M
the AHS, and the estimator fa¥;_; may be activated once by B 1
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TABLE |
CONTROL INPUTS FOR DIFFERENT OPERATING REGIONS

|’Ed>0, ﬂb>0‘ﬁd>0, ﬁbso‘ﬁdﬁo, ab>0|ﬂd§0,ﬁbs0|
Ug = ig 0 0 0
up =

0 0 0 @

we use the definition of; so that the first part of (72) is  convergence to the sliding surface, as shown by (75). The
o X o second and third columns are obtained since if both a negative
3{ <C{ } + al(t)) <1 -2 2) - ‘C[ . } and a positive torque control input ensure convergence to the
. ¢ sliding surface, then an input of zero also ensures convergence
B1P2(81 — 1 to s = 0, since the input gains on, andu; are positive at

+O‘1(t)‘ (31 )Sgn(s)} =0 (73) 4l times. The fourth column also ensures convergence to the

sliding surface sincey;, is a negative braking torque and we

and since may setugy = 0. Convergence to the sliding surface is thus
Bo ‘ Bo ensured at all time assuming that the actuators do not saturate.

~

by

3_(/32 - z|l-== Columns 2 and 3 of Table | introduce a “dead zone” in the
2 2 . . . . .

control algorithm in which the automobile is allowed to coast
we may usekz so that without the application of throttle or brakes.

3 3 (/9 —1) The throttle angle may be found by inverting (16)—(18), i.e.,
s/il{aQ(t)<1 - 2,_2> — |ai()] #Sgn(s)} <o. by inverting the engine torque map. Thus

2
_ —1 Welld
(74) a=TC {max <1, MAX - Tooo. AFI )} (76)

2

Also note that and

3 8,3 180 cos™1(1 — 3) + 1.0600
s{&l(t) - /1{2/1A15gn(3)} <0 TCH(g) = & e B
. J

Since TC may take on a maximum valuelo®, the maximum
engine torque is

3/31{@2 _ /3252 AQSgn(s)} <0 7, = Lmax Mwa AFL 78)
so that The above control laws thus establish local exponential stabil-
ity of the system [15].
58 < —rls| —ns’. (75)  We have thus far developed a sliding-mode controller ca-
ble of compensating for a class of faults within an AHS.
E{Eis ensures that the controller will maintain proper vehicle
following, even in the presence of faults, up to the limits of
The longitudinal dynamics contain both drive and bra t@e automobilg and controllers. Once the agtugtors ?at“Ta‘e'
subsystems, however, so we now need to determine ho wever, stability is no Iongergu_aranteed. This simply implies
coordinate the control action so that exponential convergentg'glt the con'_croll_ers cannot provide a perf_ormance level that
n automobile is not capable of delivering. For example,

is still guaranteed. If the drive input is able to take on bo N bil ¢ ; lete stop f 60
positive and negative values, and the brake input was set'tgh automobrie must come 1o a complete stop from
mi/h in 10 m on an icy road, once the brakes saturate, we

uy = 0, then defininguy according to (62)—(70) would force

s — 0 as desired. Similarly, if the brake input could take ofiré Mo longer guaranteed convergencegltgl - 0.' I the_
both positive and negative values, while maintaining= 0 actuators do not saturate and we consider vehicles without

then s — 0. Define the intermediate control term, = communication capabilities, then stability of the string is
whereu is d.efined by (62), with the dynamics defined by' th stablished since the intervehicle spacing error for each vehicle
driving dynamics andy, = 0. Also definew, = u, wherew ecreases exponentially as shown in [10].

is again defined by (62), with the dynamics defined by the S'iding-mode controllers can induce “chattering” due to
braking dynamics and,, = 0. Since the controller gain for small unmodeled time delays within the automobile. Here, the

both the driving and braking dynamics is positive, we ma ntrol laws are “smoothed” by replacing eagin(s) with

now define the final control terms; andw;, as in Table I. sat(s/7), v > 0 where .
To see thatss < —ns? is maintained at all times, we will { L ifl<e
sat(x) =

(77)
1

and

max

This establishes at least “exponential convergence” [15] to t
sliding surface as desired singe < —ns? and also establishes
finite time convergence sinces < —x|s|.

consider each column of Table I. In the first columg,is a z, ?f -1<z<1 (79)
positive driving torque, thus;, may be set to zero, ensuring 1, ifz<-1
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TABLE 1 TABLE 1l

AUTOMOBILE PARAMETERS USED FOR SIMULATION AUTOMOBILE VARIABLES REQUIRED FOR
CONTROL WITHOUT VEHICLE COMMUNICATIONS

Vehicle Parameters

Measured Variables

m 1300K g a 1.26m . s
b 1.6m P 0.78m without communications
d 0.78m Touz ONm Ti ~ Ti-1 Zi _"i'i—l
MAX 0.1843kg/s Ry 1.2 z; i
R, 0.351 I, 1969kg - m?
Ty 0.072s Te 0.ls TABLE IV
T, 1500 Tz 1500 CONTROLLER PARAMETERS USED
AP: 0.4298 WITHIN THE SIMULATION STUDIES

Controller Parameters

A 0.3 L 4
N 1.0 vz 0.05

Smoothing the control action in this way will ensure that
s will converge to a~vy-neighborhood ofs = 0. Since the B 6
manifold is stable, we are guaranteed thatill converge to Col - Cs2 -
. . . . hg . 0.8 | hg 1.0
a neighborhood which is proportional 4o It should be noted 50w The 10
that a similar lateral controller was developed in [16]. 72’"‘:" 09 73’"” )

’mein 0‘9 ’meax 10

V. SIMULATION STUDIES

A series of simulations were conducted to test the perfor-
mance of the above proposed controller. The automobile model-5 and—0.1. The value ofy, was chosen to allow;,, to
defined within Section Il was used for controller developmerf€main in a moderate size boundary layer, while maintaining
while within this section the complex automobile model desmall tracking errors. For the simulations, the bounds on the
scribed in [11], except for the powertrain, was used for tHgnction errors for the longitudinal dynamics were taken as
simulations. The powertrain defined by (15)—(18) was usett = 0.2 and A, = 50. This corresponds to the tolerated
since the powertrain within [11] contains pure time delay$ncertainty in longitudinal acceleration to be 0.2 frésd the
The simulation model includes suspension dynamics, time [Ejerated uncertainty in either engine or brake torque to be
in the brakes, and powertrain, wheel dynamics, including slﬁp N-m.
curves for road surface selection, and pitch, roll, and yaw
dynamics in addition to road profile selection so that hillg \without Faults
and road curves may be chosen to represent a wide range of ) ) ) ) ) )
highways. The automobile parameters that we use for all the®" initial study using a five-vehicle string, in which no
vehicles in the automated lane are summarized in Tablefhicle experienced a fault, was run to demonstrate the nom-
(it should be noted that additional parameters are used witffjd! Performance of the longitudinal control scheme. The
the simulation model [11], though are not completely defingi/tomobiles are numbered such that the lead vehicle is car
here due to space limitations). #0 with the last following automobile numbered as car #4.

The ith vehicle’s controller requires the measurement of tHeP" this study, the plots are labeled as car #0 ), car #1

variables shown in Table Ill, plus any additional variables uség — =) ¢ar #2 (— —), car #3-(.-), and car #4 £.—-).
for the engine torque map inversion (using the inverse torq#€ case where communication capabilities are not present
map defined by (76), the measurementfwould also be M any of.the f|v§ vehicles is cons@ered first. Fig. 6 sh_ows
required). The variableE?:} o, andZ?:} &, are measured the _velocny prt_)flles of_ the Iead_ vehicle, aqd four following

if communications are available, where thk vehicle is the Vehicles. The intervehicle spacing errofs, i = 1, ---, 4,

first vehicle down the string toward the lead vehicle whicA® Shown in Fig. 7. Although high control energy is typically
does not have communication capabilities. If thelst vehicle @ssociated with sliding-mode control, Fig. 8 shows that the

does not have communication capabilities, then we simply ggntrol inputs for car #1 are fairly smooth and that there is no
A; = &. The safety function is defined as rapid changing between the throttle and brakes (control inputs

for the other vehicles behave similarly).

0, ifz>0 A second simulation was conducted to show how the use
II(x) = ¢in2 <__m L if=b<z<0 (80) of intervehicle communications changes the behavior of the
1 b i< —b vehicles. Here each vehicle within the string is assumed to

have communication capabilities. The velocity profiles for the
where we chosé = 4 anda = 2 (in (34)). vehicles are shown in Fig. 9 and appear very similar to the
The controller parameters are shown in Table IV. The choic® communication case of Fig. 6. The intervehicle spacing
of A = 0.3 and L = 4 will provide a considerable increaseerrors shown in Fig. 10, however, are much different than
in vehicle flow rate over what is achieved by humans. Thbose in Fig. 7. With communications, each vehicle within the
sliding surfaces were chosen such that the corresponding patg is following its associated position with respect to the
of the error surface would lie along the negative real axis ktad vehicle assuming that each preceding vehicle is achieving
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65 . . T v . T T T 1500 T T T T T T T T
10001 .
= E
£ z
< E
S
500~ 1
40 L L ) : P . L . 0 ! . . A . . . .
5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
time (sec) time (sec)
Fig. 6. Velocity profiles (in miles per hour) for the five-vehicle string with 0 j ' ) j j i T
no faults and no communications.
-100 - :
0.04 200 - 4
3
0.03 z
$-300 - 1
0.02
0.01
- -400 E
-
Y
E
3 -0.01
8 -500 - :
-0.02
0.03 600 . . . . . N . .
0 5 10 15 20 25 30 35 40 45
-0.04 time (sec)
-0.05 Fig. 8. Engine inputty and brake inputt;, for car #1 with no faults.
0.06 A A . . - " A i
0 5 10 15 20 25 30 35 40 45
time (sec)
65 T T . T T - — T
Fig. 7. Intervehicle spacing error§;, i = 1, -- -, 4, for the five following

vehicles with no faults and no communications.
60

perfect tracking. The unmodeled vehicle dynamics (such as the
wheel dynamics) and the smoothing of the control law keep the
longitudinal controller from achieving perfect tracking. Since
each vehicle is tracking the lead vehicle of the string and
each vehicle is subject to the same type of uncertainties, the
intervehicle spacing errors for car #2 and higher will be srhall.
To eliminate the tracking errors caused by the filter transients,
one could either specify the initial conditions of the filters so

that there is no initial tracking error or simply allow the stable

55

vel (MPH)
o

filters to run for a few seconds before starting the control 49 5 0 15 20 25 30 35 a0 45

! s '

time {sec)

algorithms. A similar effect from filter transients is also seen

in several of the remaining simulations. Fig. 9. Velocity profiles (in miles per hour) for the five-vehicle string with
A study was also conducted to test the performance of &#nmunications and no faults.

AHS with vehicles which do not have communication capabil-

ities and vehicles which do have communication capabilities. _ _ _ _
P . _ , Here the first three vehicles are able to communicate, while
It is important to note that the transient behavior of the filters used

defineA; cause an initial tracking error for cars #2, #3, and #4 as seen witfghe I?'St tWO. do not have _Commumcatlon_ capabllltles. The
Fig. 10. velocity profiles for the string are shown in Fig. 11, while
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0.04 0.04
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Fig. 10. Intervehicle spacing errofg, : = 1, - - -, 4, for the five following Fig. 12. Intervehicle spacing errofs, ¢ = 1, - - -, 4, for the five following

vehicles with communications and no faults.
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vel (MPH)

40 : " s " L s i "
0

20 25
time (sec)
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Fig. 11. Velocity profiles (in miles per hour) for the five-vehicle string with
hybrid communications and no faults.

vehicles with hybrid communications and no faults.

65

vel (MPH)

40
]

: )
20 25
time (sec)

15 45

Fig. 13. \Velocity profiles for the string with no communications

fault-induced engine torque in car #1.

the intervehicle spacing errors are shown in Fig. 12. The
vehicles which do not communicate have the same type of
spacing profiles as found in Fig. 7, while the vehicles which
do communicate have spacing profiles similar to Fig. 10.

B. Induced Torque Fault

Assume that during an acceleration and deceleration ma-

neuver, the first following vehicle experiences a sinusoidally
varying torque applied to the driveshaft due to a fault with
magnitude 40 Nm and frequency 1 rad/s. This may be caused
by a mechanical failure in the drivetrain (e.g., friction due to
uneven wear of components) or a load torque from another
component that is powered by the engine. The velocity profiles
of the five automobiles with no communication capabilities are
shown in Fig. 13 with the tracking errors shown in Fig. 14.
A slight oscillation is seen within the tracking errdy,

thoth it is reduced along the string because of the |0W-p§§. 14. Tracking error®; for the string with no communications with a
fault-induced engine torque in car #1.

characteristics of the headway policy.
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meters
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Fig. 15. \Velocity profiles for the string with communications with aFig. 17. Velocity profiles for the string without communications with an

fault-induced engine torque in car #1. engine saturation fault in car #2.
0.04
1
0.03 o A LTS m T
~ oy
0.02 \ /) 4
\‘ 1
0.01 4t \ ! ]
— 1
§ o 5 ' !
I [3 ' !
E 2 ' !
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b= ey 1
[ 1 1
-0.02 © \ )
. ' !
003 1. s N 1
: vl
-0.04 v
y !
4} ! E
0.05 .
0.08 . . . . . R . .
0 5 10 15 20 25 30 35 40 45 5 ; . . . . . ; .
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Fig. 16. Tracking errorss; for the string with communications with a

fault-induced engine torque in car #1. Fig. 18. Tracking error$; for the string without communications with an
engine saturation fault in car #2.

Next, the velocity profiles for the case where communi-
cation capabilities are present for each vehicle is shown vehicle during the acceleration maneuver. Once again, the
Fig. 15. The intervehicle spacing errors are shown in Fig. 16ase where no communication capabilities are assumed is
If communications are used then the oscillatory motion causegnsidered first. The velocity profiles of the five automobiles
by the fault is not felt down the string. This is an importanire shown in Fig. 17 while the tracking errors are shown in
consideration for ride comfort. Without communications, if thesjg. 18. The second vehicle now has to accelerate past the
longitudinal motion for a vehicle at the beginning of the stringbp speed of the lead vehicle so that it catches up to car #1.
causes an uncomfortable ride, each following vehicle m&jnce cars #3 and #4 are just following the corresponding
experience this same type of ride. The oscillatory characteris'gféceding vehicles, they also overshoot the velocity of the

of & is caused since car #2 is tracking the lead vehiclR,q yehicle. Here, only car #2 experiences a large intervehicle
which is not oscillating, while the intervehicle spacing errog

X ) acing error. The enging; and brakeg, inputs are shown
measurement is taken with respect to car #1. Thus car i Vi

s not actually expgriencipg any oscillatory effects, rather the I\'I:elz?(.t,l\?e.hicle communications are considered. The velocity
spacing reference is oscillating. profiles are shown in Fig. 20 with the intervehicle spacing
shown in Fig. 21. Here the intervehicle spacing errors for cars
#2, #3, and #4 increase while car #2 attempts to catch up to the
Within this simulation, it is assumed that the throttle of capreceding vehicles. This is due to the fact that vehicles with
#2 is faulty so that the engine input saturates with = communication capabilities consider their string position until

700. The vehicle with the faulty throttle is no longer ablghey become too close to the preceding vehicle. The driving
to accelerate quickly enough to keep up with the precedilmgd braking inputs for car #2 are shown in Fig. 22. If the string

C. Faulty Throttle
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Fig. 22. Engine inputuy, and brake inputy,, for car #2 with an engine
Fig. 20. Velocity profiles for the string with communications with an engingaturation fault with communications.
saturation fault in car #2.

VI. CONCLUDING REMARKS
is long enough, vehicles at the end of the string may not evenWithin this paper, a simplified model of an automobile was
notice the effects of car #2 since the spacing deviations wouldveloped for fault-tolerant controller design. A fault-tolerant
be absorbed by preceding vehicles. longitudinal controller was developed using a sliding-mode
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control technigue and stability was shown. Simulation studie~ Jeffrey T. Spooner received the B.A. degree in

were performed to demonstrate the performance of the fat
tolerant controllers in the presence of simple automotive a
AHS failures. This study has demonstrated that the use
fault-tolerant controller design may provide a high level c
safety without sacrificing performance. In future work, there
a need to expand the class of faults which may be tolerated ¢
to evaluate the proposed control strategy in an experime

physics from Wittenberg University in 1991 and
the B.S. degree in electrical engineering from Ohio
State University, Columbus, in 1993. In 1995, he
received the M.S. degree in electrical engineering
with a specialization in control systems.
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