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Abstract -This paper is concerned with the problem of
autonomous vehicle following control system design.
Decentralized control scheme is used to provide the desired
transient performances and spacing error given that an on-board
equipment allows to measure the ego-vehicle's relative position
with respect to its preceding vehicle. The paper treats a question
of controller design in presence of such uncertainties as mass of
the vehicle, aerodynamic drag, and tire drag. The presented
design methodology of continuous-time decentralized controller
guarantees desired transients by inducing of two-time-scale
motions in the closed-loop system. Stability conditions imposed on
the fast and slow modes and sufficiently large mode separation
rate between fast and slow modes can ensure that the full-order
closed-loop autonomous vehicle following system achieves the
desired properties in such a way that the transient performances
are desired and insensitive to external disturbances and vehicle's
parameter variations. The method of singular perturbations is
used throughout the paper. Numerical simulations for a three-
vehicle platoon are presented.

[16], where the highest derivative of the spacing error in
feedback is used and two-time-scale motions (TTSM) are
forced in the closed-loop system. Hence, the method of
singular perturbations [8], [9], [10], [11] is used to analyze the
closed-loop system properties in such systems. The discussed
approach allows to provide desired transients performances for
spacing error in presence of such uncertainties as mass of the
vehicle, aerodynamic drag, and tire drag.

The paper is organized as follows. First, a nonlinear model
of longitudinal vehicle's dynamics and definition of spacing
errors in a platoon are introduced by following [4]. Second, the
main steps of the proposed design methodology of continuous-
time decentralized feedback controller and two-time-scale
analysis of the closed-loop system properties by method of
singular perturbations are presented The relationships of the
discussed controller with conventional proportional-integral-
derivative (PID) controller are highlighted as well. Finally,
simulation results for a three-vehicle platoon are presented.

I. INTRODUCTION

An autonomous vehicle highway control system design is
the area of the very active research up to the present and this
problem is one of a series of problems of e-vehicle technology
[1]. The discussed goal of autonomous vehicle highway control
system is to keep the desired distance between any two
vehicles throughout the motion of vehicle platoon.

There is a broad set of various techniques used in order to
design of an automatic vehicle following controller, such as:
the H" approach for output static controller design based on
linearized vehicle's model [2], an approach based on exact
linearization of vehicle's longitudinal dynamics of the 3-rd
order with decentralized proportional-derivative plus
acceleration feedback control law [3], adaptive cruise-control
system for automatic vehicle following in the longitudinal
direction [4], adaptive sliding-mode control system for
automatic vehicle following in the longitudinal direction [5],
neural network with hybrid learning scheme [6], automated
highway systems for collection of vehicles with
intercommunication [7], and many others.

This paper proposes a new methodology of decentralized
feedback controller design for autonomous vehicle following
system. The design methodology is based on an approach to
control system design under uncertainties [12], [13], [14], [15],

II. CONTROL PROBLEM STATEMENT

In this section a simplified mathematical model of
longitudinal motion for a string of vehicles on automated
highway systems is discussed, where the vehicle 0 is the lead
vehicle in the string, and the ith vehicle follows the (i-I)th one
as shown in Figure 1, where xi is the position of the ith vehicle

and O<xx 1 <---.<x <x.Assumethat

1x,(t)l<bc<oo, 1x0(t)l<b2c< Vte[O,cox) (1)
hold.
Assume also that the discussed autonomous following

control system uses an on-board radar sensor to measure the
ego-vehicle's relative position with respect to its preceding
vehicle.
Denote

Yi Xi-l xi (2)

is the measurable actual intervehicular distance, while r is the
desired intervehicular distance between the ith and (i-I)th
vehicles. Hence, the spacing error of the ith vehicle is given by

e. := r -(x 1 x), (3)
where r =const.
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aX~~~i e(} 0. (4)
Iaddiio to th reureet ()th cotro syte is

xi ~ ~~~~~~~~~X-:] 1 .i2x

Fig. 1. Vehicle platoon.

A control system is being designed so that
lim ei (t) = O. (4)

In addition to the requirement (4), the control system is
designed to provide:
* Robust zero steady-state spacing error of the reference

input realization.
* Desired output performance specifications such as

overshoot and settling time.
* Insensitivity of the output transient behavior with respect

to unknown external disturbances and varying parameters
of the system.

III. LONGITUDINAL MOTION OF VEHICLE PLATOON

The longitudinal motion of the ith member of the string of
vehicles is governed by Newton's second law

M 1.3i1 + C 1.2 + Xi (xi, xi, t) = Ui, (5)
where mi is the mass, ci is the effective aerodynamic drag
coefficient, O (&x,x ,t) is an nonlinear time-varying rolling
resistance friction, ui is the control effort caused by engine of
the ith vehicle.
Assume that there are uncertainties in the model description

such as parameters mi and ci, as well as function i (x, x, t)
are unknown, while ones belong to the following bounded
intervals:

m erm,m ]mic min Mmax
c E[Cmin CmaxII[CC (6)

Oi (~i, xi,I t) E [Omin I Om.x I
From (5), it follows that the longitudinal motion of vehicle

platoon is described by state space vector equation
x=fx(,x t) + gX,(m)U, (7)

where
x [xxt) Ixi,x i

g(in) = [diag{=f,I2, ...,in,...}]
in [in,in2,... , . 11-

m = [Man m mi(wege

From (2) and (3), we get

y =Cx+y,, e= r-(Cx+yy),
where

y [y, Y2' . i,y ]' Y, = [x0,0,..]
r =[rlI.r2, . ]T e=[el,e ... e.,** ]T

C~~~~~~~~~~~~
--1 0 0 0..

I=1-1 0 O ..
O 1 -1 0 ..

In accordance with (8), the transformation
x = C'1 [r - y0 - e]

of the system (7)-(8) gives
fefj(e,,yo,04,0t)+ge(M)U.

(8)

(9)

(10)
where

JE =
Cf () j<,

ge (m) = -Cg (mi).
Note that the elements of f,, ge are unknown, while ones are

bounded due to (1), (6).

IV. CONTROL SYSTEM DESIGN

A. Reference model and insensitivity condition
The control objective is given by (4), where the desired

settling time and overshoot have to be provided for ei(t)
regardless the presence of the uncertainties (6) in the model
description.

Let us construct the reference model of desired behavior for
e. (t) in the form

T2+aT~e0Te+ iT'. + e.

T-2T [-a,,Te'.- e. > (1

Fe e

where the parameters T and a. are selected in accordance

with the desired settling time, and overshoot for ei(t) . The

steady state of (11) yields ei = 0, it corresponds to (4). As a

result, we have the system of stable differential equations
e F(e,e) (12)

composed of the equations (11), where F = [Fl, F2 , F,
Denote

eF e()-
Accordingly, if the condition

eF 0 (13)
holds, then the desired behavior of e(t) with prescribed
dynamics of (12) is fulfilled. Expression (13) is the
insensitivity condition for the behavior of e(t) with respect to
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the external disturbances and varying parameters of the system
(10). In accordance with (10) and (12), we get that the
condition (13) holds for u(t) = Uid (t) , where

Hid - [F(e, e) - me (e, e, yo, yO, yO, (14)
It is clear that the control law in the form of (14) is useless in
practice, as far as one may be used only if complete
information is available about the disturbances, model
parameters, and state of the system (10).

B. Control law and two-time-scale motion analysis
In order to keep hold of (13) under the assumption of unknown
external disturbances and varying parameters of the system
(10), let us consider the control law given by the following
differential equation:

2ii + Dlpn + Dou = K, [F(e, e) -]. (15)
In order to maintain decentralized structure of feedback
controller, take Do diag{d0o, d20, , dio,...}
DI = diag{dll, d2l, , dil,...} , K = diag{kl, ..., ki,...}
u = diag{jp,u , ,, } . Take, for simplicity, u = pu for all i,
and assume that pu is a small positive parameter.

Hence, the closed-loop system equations are given by
e = te (e, e, yo, yO, yO, t) + ge (M)U1 (16)

p2ii + Dlpiu + Dou = K, [F(e, e) - e.(17)
Substitution of (16) into (17) yields

fe (e, e, yo, yO, yO, t) + ge (M)U1 (18)

2ii+ Dl + [Do + Klge (m)]u (19)

K=K[F(e,e) -f 01.y^ynon
Denote

uI = u, u2 = pu, el = e, e22e
Hense, the system (18)-(19) can be represented as a standard
singular perturbation system, that is

e = e2,

e2 = + ge ([] u

/u1 = U2 , (20)

,uu = -[Do + Kl g, (E)]-u -Dl u

+ [Fe2 el - t(Efl.
By following out the two-time-scale technique [8], [9], [10],
[11], from [20], the fast-motion subsystem (FMS) equation

y2ii+ Djpu + [Do +Kgu = K [F(e, e) f] (21)

follows, where g, f are treated as frozen variables during the
transients in (21).
By selection of,, DI, Do, and K, we can provide the FMS

stability as well as the desired degree of time-scale separation
between fast and slow modes in the closed-loop system. Then
after the rapid decay of transients in (21) (or, by taking p = 0

in (21)), we obtain the steady state (more precisely, quasi-
steady state) for the FMS (21), where u(t) = Uid (t) ifDo =.
Hence, from (18)-(19), we get the slow-motion subsystem
(SMS) equation, which is the same as (12) in spite of unknown
external disturbances and varying parameters of (10) and by
that the desired behavior of e(t) is provided.

C. PID controller
In accordance with (11), (15), and by taking into account the

diagonal structure of DI, Do, and K, the discussed control
law can be expressed in terms of transfer functions as a set of
decentralized feedback controllers given by

k [S2 +(a T)s+T2]
ui(s)= _ i I i e.(s). (22)

2~, +d4/2P5+d.pi s + iliS + 0i
Take 611 = 0, then we get the conventional PID controller
with proper transfer functions. Hence, the controller (22) is
implemented without an ideal differentiation of ei (t).

V. SIMULATION RESULTS

Let us consider the longitudinal motion of the three-vehicle
platoon governed by (5), where mi = 300kg, ci 200kg/m,

I(xI) 100 1.&i , r = lOm for all i = 1, 2, 3 There are

following initial conditions: xo(0) =30m , x(O) =20m

x2 (0) =Om, x3(0) =Om, while all other initial conditions
are zero.
The reference model of the desired behavior for e (t) is

assigned by
(2) d I (1) I

e = a -e 2 e
T T

(23)

for all i =1, 2, 3 . From (15), the decentralized feedback
controller

2iU(2 + dilpyu'l + diou=

k { ef2) aI ef');a e} (24)
T T i

d

results of the ith vehicle. Take T=is, a. 2, i O. ls,

k. =3000, d.0 =0,and d., =2 forall i =1, 2, 3.Inorderto
perform a computer simulation, let us represent the control law
(24) in the state-space form, e.g.,
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Fig.2. Lead vehicle's velocity xo (t) time profile and acceleration io (t) time

profile.
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Fig.3. Response of the spacing errors e1 (t), e2 (t) and e3 (t) in the system

(5), (8) with controller (25).

Ui1 =--u +U +k e

1 2
d0 + k{O e} (25)

u = {u -ke }.
i2 2 i1 2

Pi

Pin

The simulation results for three-vehicle platoon governed by
(5), (8) and controlled by the algorithm (25) are displayed in
Figs. 2-5, where t E [0,15] s , .O(t) E [0,10] m/s , and

xO(t) (E [0, 4] M/S2 .

VI. CONCLUSIONS

In accordance with the presented above approach the fast
motions occur in the closed-loop system such that after fast
ending of the fast-motion transients, the behavior of the overall
singularly perturbed closed-loop system approaches that of the
SMS, which is the same as the reference model and by that the
desired behavior of inter-vehicle spacing is provided in the
presence of uncertainties. The other advantage, caused by two-
time-scale technique for closed-loop system analysis, is that
analytical expressions for parameters of conventional PID
controller can be found, where controller parameters depend
explicitly on the specifications of the desired behavior of inter-
vehicle spacing. The presented design methodology may be
useful for real-time autonomous vehicle highway control

0 2 4 6 8 10 12 14

Fig.4. Response ofthe control efforts u1 (t), u2 (t) and U3 (t) in the system

(5), (8) with controller (25).
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U. r/ iO33 S
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Fig.5. Rolling resistance frictions 01 (t), 02 (t) and 03 (t) in the system (5),

(8) with controller (25).

system design. Based on the presented approach the following
issues of autonomous vehicle highway control system design
can be investigated in the near future:
* Controller design with additional lowpass filtering in

presence of high-frequency measurement noise.
* Limits of transient performances resulting from pure time

delay in feedback loop of the control system.
* Sampled-data controller design for autonomous vehicle
highway system.

* Longitudinal control of platoon of vehicles with
intercommunication from one vehicle to other vehicles.
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