Two-Dimensional Analysis of String Stability of Nonlinear Vehicle Strings
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Abstract— Stability of nonlinear 2D continuous-discrete sys-
tems is shown using Lyapunov stability theory and iISS. The
proposed stability conditions are applicable with non-positive
divergence of the Lyapunov function. The results are used to
rigorously prove string stability of a nonlinear vehicle string
with variable time headway.

I. INTRODUCTION

In the field of coordinated systems, formation control is
one of many control objectives. A group of vehicles (e.g.
platoon or string) is required to follow a given reference
trajectory while the vehicles keep a prescribed distance to
neighbouring vehicles.

In its simplest form, platoon control requires a constant
distance between the vehicles and the lead vehicle to follow a
given trajectory, e.g. [1], [2]. We assume: (i) a homogeneous
string, i.e. the dynamics of the vehicle and controller are
independent of the location in the string; and, (ii) distributed
control, i.e. each vehicle is equipped with a controller that
aims to minimised the local position error, using only locally
available data. Here we consider a unidirectional string
with communication range 1, where each vehicle senses the
distance towards its direct predecessor or, in case of the first
vehicle, the reference.

In most cases it is easy to achieve an (asymptotically)
stable string in the usual sense, i.e. small initial deviations
cause small perturbations (and go to zero). However, it is
well known that error signals can amplify when travelling
through the string resulting in growth of the local error norm
with the position in the string. This effect is referred to as
string instability’, e.g. in [3]-[5], or ‘slinky effect’, e.g. in
[6]-[9]. It has been shown that it is not possible to achieve
string stability in a homogeneous string of strictly proper
feedback control systems with nearest neighbour communi-
cations when using only linear systems with two integrators
in the open loop and constant inter-vehicle spacing, [2], [10],
independent of the particular linear controller design, [4].

Different methods have been proposed to overcome this
problem. In [6] a time headway policy was introduced
where the prescribed distance between each vehicle and its
predecessor grows linearly with the velocity of the vehicle. If
the time headway is chosen sufficiently large string stability
can be guaranteed. This approach was later extended in [11]
proposing a variable time headway that can be represented
as a nonlinear two-dimensional system. In [12] string sta-
bility and performance of systems without time headway,
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with fixed time headway and with variable time headway
were compared and analysed. However, string stability with
variable time headway is only investigated locally, using the
linearisation of the model instead of the nonlinear string.

Other papers analysing the string stability of nonlinear ve-
hicle strings include [8], [13], [14]. In [13] the authors prove
that strings of nonlinear systems using the lead velocity, the
lead acceleration and local measurements are string stable if
the inputs vary sufficiently slow. In [14] a global Lipschitz
condition is used to guarantee string stability of nonlinear
systems with sufficiently small Lipschitz constants or “weak
coupling”. In [8] a string of vehicles with a detailed nonlinear
model and bidirectional nonlinear control is considered.

Methods used to analyse string stability range from using
the Laplace transform (see e.g. [4], [10], [12], [13]) or the Z
transform with respect to the position within the string (see
e.g. [1]) to applying graph theory in [15] , approximating the
string dynamics as a partial differential equation in [16] or
using Lyapunov stability theory in [8].

There is yet another method to analyse string stability of
homogeneous, unidirectional strings that we will propose
here. The system can be modelled as a two-dimensional
(2D) system, treating the position within the string k as an
independent discrete variable resulting in a 2D continuous-
discrete system depending on continuous time ¢ and discrete
position k.

This is a suitable reformulation of the string stability
problem. String stability requires that the local errors (and
possibly other states of the kth vehicle or subsystem) are
bounded for all k. If a 2D system describing a vehicle platoon
with the second independent variable k being the position
within the string is stable, its states are bounded for all # and
k. Thus the vehicle platoon is string stable in the sense that
stability bounds are uniform with respect to k.

There is a huge body of work on the stability of linear 2D
systems available. The best known results in the frequency
domain include [17] whereas suitable 2D models in the time
domain where presented by Roesser in [18] and Fornasini
and Marchesini in [19] and their stability has been studied
for example in [20]-[23].

However, relatively few results concerning the stability
theory of general nonlinear 2D systems are known. Sta-
bility of a general nonlinear discrete 2D system of the
form 25];’7:’8) = f(x(k,D),u(k,l),k,l) was first analysed in
[24]. The main theorem guarantees uniform local stability
if a scalar, positive definite Lyapunov function ¢(x,k,[) =
d1(x1,k,0) + ¢d2(x2,k,0) exists such that

&' (k) = ¢k + LD + do( k[ + 1) < ¢ (1)



In [25] the general discrete 2D Fornasini-Marchesini sec-
ond model of the form x(k+1,/+1) = f (x(k + 1,]),x(k,l + 1))
for kI > 0 was considered. Using the scalar Lyapunov
function V (global) stability is guaranteed if it satisfies

V(f(x1,%2)) = aV(x1) = bV(x2) <0 2

for any x;,x, € D € R" (x1,x, € R"), where a,b > 0 with
a+b=1.

These results were extended in [26] to time (or pa-
rameter) varying systems of the form x(k + 1,/ + 1) =
[k Lx(k + 1,0),x(k,l + 1)). If there exists a Lyapunov func-
tion V satisfying

Vik+ 1,1+ 1,f(k,0,x1,%2)) —aV(k+ 1,l,x1) = bV(k, [+ 1,x2) <0
3)
the system is uniformly stable.

A similar model of the form x(k + 1,/ + 1) =
Jor (e(k,l + 1),k,0 + 1)+ fio (x(k + 1,0),k + 1,) for time-varying
systems was studied in [27]. If a scalar positive definite
function ¢(x,k,l) exists such that

Ag(xklp) = ¢ [x(k + LI+ 1),k + 1,1+ 1]
—p [x(k,] + D)kl + 1] = (1 = p) [x(k + LDk + 1,11 <0
4)

the system is uniformly stable.

It should be noted that all results available for general
nonlinear 2D systems known to the authors exclusively study
discrete nonlinear 2D systems.

In this work the string stability of a vehicle platoon with
variable time headway shall be studied. As the 2D description
of such string leads to a 2D continuous-discrete system, the
development of suitable stability conditions seems necessary.
The notation will be clarified in Section II before studying
the stability of general nonlinear 2D continuous-discrete in
Section III. Examples to illustrate our results (including the
string stability discussion of a nonlinear string with variable
time headway) is given in Section IV. The paper closes with
concluding remarks in Section V.

II. NotaTioN

Consider a string of N vehicles. The dynamics of the kth
vehicle within the string are given by

o {gmzo(t),zl(r)) for k = 1

() = (5)
8k(z-1(0,zk (1)) for 1 <k <N

where z;(f) are the local states of the kth vehicle and zo(7)

is the reference signal the first vehicle within the string is

aiming to follow. For simplicity we assume that g;(0,0) =0

for all k.

When assuming a homogenous string we can set gy = g
for all k. Since a unidirectional string is considered, a string
of length N behaves as the truncation (considering only the
first N vehicles) of a string of length M > N (including
M = o0) vehicles. Thus, a homogenous string described by
(5) can be modelled as a 2D system of the form

( X1(t,k) ) _ (fl (xl(l,k),xz(l,k)))

Axy(t.k))

Fr(x1(t,k),x2(t,k)) (6)

with initial (or boundary) conditions x;9(k) = x;(0,k) and
X20(f) = x2(2,0) where x;(t,k) is the first part of the state
vector x(t,k) of the 2D model containing the local variables
of the kth vehicle (such as its position, velocity and controller
states; denoted as z(f) before). The second part of the state
vector contains the information of the preceding vehicle
needed for the local controller. (When the local controller
aims to follow the position of the preceding vehicle, x(#,k)
will be the position of vehicle k — 1.) Note that states and
functions of the 2D system description are denoted by x(z,k)
and f(z,k) instead of the variables and functions used for the
distributed 1D system z;(#) and gi().

The derivative with respect to time ¢ of x is denoted
by x(t,k) = %x(t,k). Thus, X1(t,k) = fi(xi1(t,k),x2(t,k)) =
81 (Zp—1(),z1(1)) = g(zx—1(%),zx(1)). The difference with respect
to the position k of x or V is denoted by Ax = x(¢,k+1)—x(t,k)
or AV(x) = V(x(t,k + 1)) — V(x(z,k)), respectively.

Stability of the 2D continuous-discrete model will be
studied using the following 2D Lyapunov function.

Definition 1 (Two-Dimensional Lyapunov Function): A
2D function VT = (Vl (x1) Vz(xz)) is called a 2D Lyapunov
function for system (6) if:

(i) Vi(x;) is a particular type of iISS-Lyapunov function for
subsystem x;(#,k), that is, there exist functions @, a; €
K, positive definite functions «;, and constants 0 <
b; < oo such that for i € {1,2}

a,(Ixi]) <Vi(x) < @(lxi)), (7
Vi(x1) < = ai(Vi(x))) + b1 Va(xo), (8)
AVr(x2) £ = a2 (Va(x2)) + baVi(x1); 9

and,
(ii) the divergence of V is non-positive:
divV = Vi (x1(2,k) + AVa(xa(t,k)) <0 (10)
for all 1,k > 0. %

Note that the shorthand notation V;(x;(t,k)) = Vi(x;) =
Vi(t,k) is used throughout the paper.

According to the definitions of iISS-Lyapunov functions in
[28] and [29] Vi(x1) needs to be continuously differentiable
since ¢ is continuous and V,(x;) merely needs to be contin-
uous since k is discrete. The definitions for iISS-Lyapunov
functions from [28] and [29] have been altered in the way
that the last term in (8) and (9) explicitly contain b; Va(x;)
and b,V (x;) instead of general class K., functions y;(x;)
and y(x).

It should also be noted similar to the stability conditions
known in the literature the divergence of V, (10), only needs
to be non-positive. (Compare (1), (2), (3) and (4) with (10).)

The following class of initial (or boundary) conditions will
be considered.

Definition 2 (Ly and L., Bounded Initial Conditions):
Given positive definite functions V;, the initial conditions of
the nonlinear two-dimensional system (6) are Ly and L



bounded, if there exist ¢;,{; < oo for i € {1,2} such that

e10Olly 1= D Vi (rio(k)) < e,

(11)
k=0
P20 lly == j:" V2 (x20(1)) df < 2, (12)
[Ix10()lleo = sup lx10(k)l < &1 and (13)
[Ix20()lleo = Stg(l)) X200 < &2 (14)
is satisfied. *

Stability of 2D nonlinear continuous-discrete systems will
be studied according to the following definition.

Definition 3 (Stability of Nonlinear 2D Systems): The
autonomous nonlinear 2D system (6) is stable if for each
M > 0O there exists a set of ¢;(M),l;i(M) > 0 such that if
the initial conditions are Ly and L. bounded with bounds
ci(M) and £;(M) for i € {1,2}, respectively, then

|x(t,k) < M (15)

for all 1,k > 0. %

Note that this definition of 2D stability is used here to
study “string stability” of the underlying distributed 1D
system. If the states are bounded in the 2D sense for all ¢ and
k for Ly and L. bounded initial conditions, the local error
norm of each vehicle in the underlying 1D string is bounded
at all times independently of the position within the string or
the string length. Thus, we study string stability with respect
to nonzero, vanishing initial conditions. Note that assuming
nonzero initial conditions for the leading vehicle is equivalent
to studying a constant step disturbance onto the lead vehicle.

III. StaBILITY OF NONLINEAR TWO-DIMENSIONAL SYSTEMS

Having clarified the notation, we now give sufficient
conditions for stability of general nonlinear 2D continuous-
discrete systems. Two preliminary results will be given
before presenting the main theorem later in this section. The
first lemma was proposed in [28, Corollary IV.3].

Lemma 1 (Corollary IV.3 in [28]): Given any continuous
positive definite function @ : Rsp — Ry, there exists a
K L-function S with the following property. For any 0 <
f < o0, and for any (locally) absolutely continuous function
V : [0,/) > Ryo and any measurable, locally essentially
bounded function y : [0,/) = Ry, if

V() < —a(V(®) +y(D) (16)

holds for almost all ¢ € [0,7), then the following estimate
holds

!
V() <BV(0),0) + f 2y(s)ds a7
0
for all ¢ € [0,7). °
The analogous version for discrete systems has not been
published explicitly as a separate lemma but can be found
in [29, Proof of Theorem 2, p. 301]. It could be stated as
Lemma 2: Given any continuous positive definite function
a @ Ryo — Ryo, there exists a K L-function 8 with the
following property. For any 0 < k < co, and for any (locally)

absolutely continuous function V : [O,I}) — Ry and any
measurable, locally essentially bounded function v : [O,I}) -
R, if

AV(k) < —a(V(k)) + y(k) (18)

holds for almost all k£ € [O,I}), then the following estimate
holds

k
V(k) < B(V(0).k) + Z 2y(s) (19)
s=0

for all k € |0,%). .

A further result needed for the proof of stability of general
nonlinear 2D continuous-discrete systems was published in
a general form in [30, Lemma 4.2].

Lemma 3: Consider the 2D space of two variables ¢
and k and the 2D non-negative vector field VT(t,k) =
(V1 (t,k),Va(t,k)). If the divergence of the vector field V(z.k)
is non-positive for all 7 and k, then

k k t
DIvieh < > Vioh + f V@rOdr  (20)
1=0 i=0 0

t k /
f Va(rhydr < )" Vi(0,0) + f VEodn (21
0 = 0

for all t,k > 0. .

Proof: To prove this lemma we will simply consider the
sum of the integral of the divergence of V(r,l) over ¢ € [0,]
for [ € [0,k]:

k t
Wtk = fo (Viwh) + A Va(zD)dr.  (22)
=0

Using the fundamental theorem of calculus or Gauss Di-
vergence Theorem for the continuous variable 7 and simple
arithmetic for the discrete variables /, (22) can be transformed
into

k k
W(tk) = Y Vit = > Vi)
=0 1=0

1t !
+ f Vo (r,k)dr — f Vo (7,0)dr.
0 0

Since the divergence is nonpositive for every 7 and /, from
(22) we get W(t,k) < 0. Also, Vy(r,l) is a nonnegative
function of 7 and /. Therefore (23) implies (20). The bound
on of the integral of V,(#,k) in (21) follows equivalently. B
This now enables us to state our main theorem.

Theorem 1 (Stability of Nonlinear 2D Systems): The
nonlinear 2D system (6) is stable if there exists
a two-dimensional Lyapunov function according to
Definition 1. .

Proof: From (20)-(21) together with the fact that the
initial conditions are Ly bounded we get

(23)

k t
Z Vi) <ci+cr  and f Va(rh)dr < c1 + ¢ (24)
=0 0



Applying Lemma 1 we can guarantee that there exists a
function 81 € KL such that

Vi(xi(r.k)) < Bi(Vi(xio(k)).0) + fo 2b1Va(xa(Tk))dT. (25)

Using the fact that the initial conditions are in L. and (24),
equation (25) yields
Vi(x1(6,k)) < B1(&1.1) + 2bi(cy + c2).

Since there exists a class K. function @, (|x1]) < Vi(x) we
find that

(26)

b (601 < My = a7t (B1(£1,0) + 2b1(ct +¢2)) <00 (27)

for all t,k. Note that the bound M, depends on the norm of
the initial conditions, i.e. {j,c1,c2. Thus, the maximal value
of |xi| for all #,k is determined by the norm of the initial
conditions. Furthermore, if {1, ¢; and ¢; tend to zero, then
M, also tends to zero. A similar bound M, < oo for the
norm of x, can also be found and thus the system is stable
according to Definition 3. [ ]

IV. EXAMPLES

To illustrate our main theorem we present two examples.
Example 1: Consider the continuous-discrete 2D system

x1(tk) = = @*(x)x1(1.k) + P(x1)x2 (1K) (28)
Axa(t,k) = d(x1)x1(2,k) — x2(2,k) (29)

with the bounded function 0 < ® < ¢(x;) < D < 0.

Consider the Lyapunov function
_ (Vitxn) _ %x%(t,k))
V= (vz(m) = (%xg(t,k) ' 30
Thus

Vi(x1) = —¢*(x)x1(1.k) + ¢(xp)x1 (1,k)x2(1,k), (31)
AVy(x2) = %q)z(xl)x%(t,k) - %x%(t,k) and (32)
divV = —% (Pp(x)x1(t,k) — x2(1,k))* < 0. (33)

Equation (31) yields
. 1 1
Vi(xy) = - 5¢2<x1>x%<r,k> — 5 @Cxi (1) - x(tk))?
+ %xg(t,k)

1 1
< = 7N (h) + S5(k)

< - D*Vi(x) + Va(x). (34)
Equation (32) becomes
—2
AVy(x2) £ =Va(x) + @ Vi(xy). (35)

Hence, the system with Ly and L, bounded initial conditions
is stable and there exists an upper bound on |x;| and |x;| for
all ¢ and «. 0

In our second nonlinear example we will study string
stability of a platoon with variable time headway. A similar
variable time headway with an additional upper saturation

Uy YH e s y
H Chi(s) = h,i(,é)rl P(s)
hﬁXS +1

Fig. 1: Block diagram of subsystem with variable time
headway

bound was proposed in [11]. Yet, string stability of the
nonlinear system has not been shown analytically but its lin-
earisation was studied and string stability was demonstrated
through simulations.

Example 2: First consider the following plant (i.e. vehi-

cle) model .

P(sy= 52 4+ 2Cqvps
where the position of the kth vehicle (i.e. yi(?)) is the output
and the acceleration of the vehicle is used as its actuator
(i.e. ur(?)). The drag coefficient is given by Cy = 7 - 10~
and vo = 30 is the steady state velocity (equivalent to the
reference velocity).

Each vehicle is equipped with a PID controller given by

(36)

ki kds
C(s)=ky + — 37
(s) Pt s * Ts+1 (37)
with k, = 1.66, k; = 0.17, kg =4.1 and T = 1/30.
The input of the local controller is the local error
ex(t) = yi-1(6) = yi(t) = (D) (38)

where vi(7) is the velocity and /g (7) is the time headway of
the kth vehicle. When a constant time headway h(f) = h is
chosen, it can be shown that the infimal time headway to
guarantee string stability is 4o = 1.18, [30]. Choosing a time
headway h > hy guarantees that the transfer function I'(s)
describing how the position of the kth vehicle depends on
the position of its predecessor satisfies [I'(jw)| < 1 for all
frequencies and |['(jw)| = 1 for w = 0 only.

Instead of a fixed time headway h here we will use a
variable time headway

hi(t) = hyar(,k) = hix + ha(t,k) (39)

where A5y is a constant greater than the critical time headway
ho = 1.18 and ha(t,k) > 0 is the variable part of the time
headway. For simplicity the shorthand notation hy,(t,k) =
hyar 1s used below. An additional pole at —ﬁ is added to
each local controller.

In order to analyse the stability of the system we will
transform the system into the scheme with the abstract block
H in Figure 1, where the position of the kth vehicle is the
input for H of subsystem k + 1, i.e. y(,k) = uq(t.k + 1).

We will use the following state space description for the
additional state x,(f) of the system H:

1 Vhyar — hg
i, =~ xlz(t)+v;j7f”‘uH(t>, (40)
Nyar — D hs
yH(t)=Zr7f”‘xlz(t)+ B a(2). 41)



Note that with hy,, fixed, the frozen system # is linear, time
invariant with transfer function H(s) = h“‘”l . In general,
we allow Ay, to be any time varying functlon that satisfies
hyar > hgx. Thus, the 2D system is described by

X1, (k) x1, (£,k)
X1, (k) | = A(Lk) [ x1,(2.k) (42)
Axy(t,k) x(1,k)
where
AO bO thar - hﬁx/hvar bOhﬁx/hvar
A(l‘,k) = _1/hvar thar - hﬁx/hvar > (43)
c 0 -1

with x;,(¢,k) are the existing states of the controller C(s) and
the vehicle model P(s) so that Ag and by are given by

0 1 0 0 0
0 —2Cqvo 1 0 0
k k k
A=t b+ %) —(o+ ) - m —marl|-
—k —haxki 0 0
-1 —heix 0 0 -7
44)
T
bo=(0 0 (kp+%) & 1). (45)

Since x,(t,k) is the position of the preceding vehicle and
x1,(t,k) is chosen such that its first element is the position of
the kth vehicle, c=(1 0 0 0 0).

Consider the Lyapunov function candidate V with V(x;) =
xfl (t.k)Pxy,(t,k) + xfz (with P = PT > 0) and Vo(x) =
x3 (t,k)x2(t.,k). The divergence then is x" Qx where

Agp + PAg + e Pby thvar—hux PZOhﬁx
var var
_ bgP Pyar—hiix 2 Dyar—hiix
0= HfYhwn 2 | (46)
Thvar hyar var
by Phiix Vhyae—hsix -1
h\’i]l’ h\’i]l’

Using the Schur complement, the requirement Q < 0 yields

Pby Vhya—h
AEP + PAg + cTe 0N harlin —
var
b5 P Vhva—heix 2
hyar Ryar
Pbohiix
hyar by Phiy Nyar—hgy mr—h[,x
+ |:—h"“"_hr‘x:| [ Pyar Pyar
hVar
ATP + PAo + e+ Pbob Pt Pbo(Urarthi) Viva i
hZ
Jar Var
by P(hyar+hex) Vh mr_hllx _ hyarthix
h%'ﬂ' hVﬂ[
<0. (47)

Applying the Schur complement once again, (47) is equiva-
lent to

Pbobl PR
h\zlar
PbObTP(hvar + hﬁx)(thr

h%dr
= ALP + PAg + c"c + Pbob} P
<0. (48)

AP + PAg +c'c +

hﬁx)

Error e(t,k)
o~

100

20 60

40

0 o

Position k Time ¢

Fig. 2: String with variable time headway: error e(,k)

Applying the Bounded Real Lemma we can show that
existence of a P > 0 satisfying (48), is equivalent to the
condition

lle Gl = A0)™ bo||, < 1. (49)

Note that I')(jw) = ¢ (jwl — Ao)~! by is the transfer function
from the kth to the k + 1th vehicle for Ay, = hgsx. Since the
time headway hgy is greater than the infimal time headway
hy = 1.18, T'(jw)| < 1 for all w and I'(jw)| < 1 for w #
0. Thus, a positive definite Matrix P exists such that Q is
negative semi-definite independently of hy, (for hgx > hy,
and ha(x) > 0) and the system is stable.
Consider the variable time headway

o) = {h + ko (1K) = v(tk = 1)) for huiy < hvar(tK),
min else,

(50)

where the time headway in steady state is hg = 1.4,

kn = 0.05 and the variable time headway is saturated at
hsix = hmin = 1.2. The motivation for the choice (50) is that
in case the vehicle is driving slower than its predecessor,
the variable time headway decreases and the vehicle thus
accelerates faster and therefore can reach its desired position
faster. A string of forty vehicles has been simulated. The
local error is shown in Figure 2 and the variable time
headway hy,(t,k) in Figure 3.

When comparing these results to the simulation with a
constant time headway of & = 1.4 (displayed in Figure 4) one
observes that with a variable time headway with iy = 1.4 the
error for the first vehicle increases to a maximal value that
is twice as high as the maximal value of the local error of
the first vehicle in a string with a constant time headway of
h = 1.4. This is because of the decreased time headway, and
consequently the desired distance between the first vehicle
and reference position decreases temporarily and thus the
error increases. However, with the variable time headway
the local errors tend to zero quicker than choosing a constant
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Fig. 4: String with constant time headway & = 1.4: e(t,k)

time headway. Q

V. CONCLUSIONS

It is shown how homogeneous, unidirectional nonlinear
vehicle strings can be modelled as general nonlinear 2D
continuous-discrete systems. A sufficient condition for sta-
bility of general nonlinear 2D continuous-discrete systems
given in a form similar to the Roesser model, [18], is
presented. It is used to analytically prove string stability of
a string with variable time headway.

It should be noted, however, that the methods and condi-
tions for stability are only suitable to discuss unidirectional,
homogenous strings. Also only Lyapunov type stability can
be guaranteed. Additional assumptions might have to be
made to ensure asymptotic stability of general nonlinear 2D
continuous-discrete systems.

REFERENCES

[1] K.-C. Chu, “Decentralized Control of High-Speed Vehicular Strings,”
Transportation Science, vol. 8, no. 4, pp. 361-384, 1974.

[2]
[3]
[4]
[5]
[6]
[7]
[8

—

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]
[28]
[29]

[30]

S. Sheikholeslam and C. A. Desoer, “Longitudinal control of a platoon
of vehicles,” in Proceedings of the ACC, 1990, pp. 291-297.

L. E. Peppard, “String Stability of Relative-Motion PID Vehicle
Control Systems,” IEEE Trans. Autom. Control, vol. 19, no. 5, 1974.
P. Seiler, A. Pant, and J. K. Hedrick, “Disturbance Propagation in
Vehicle Strings,” IEEE Trans. Autom. Control, vol. 49, no. 10, 2004.
I. Lestas and G. Vinnicombe, “Scalability in Heterogeneous Vehicle
Platoons,” in Proceedings of the ACC, 2007, pp. 4678-4683.

C. Chien and P. A. Toannou, “Automatic Vehicle Following,” in Proc.
American Control Conference, 1992, pp. 1748-1752.

P. A. Ioannou and C. C. Chien, “Autonomuos Intelligent Cruise
Control,” IEEE Trans. Vehic. Tech., vol. 42, no. 4, 1993.

Y. Zhang, E. B. Kosmatopoulos, P. A. Ioannou, and C. C. Chien,
“Autonomuos Intelligent Cruise Control Using Front and Back Infor-
mation for Tight Vehicle Following Maneuvers,” IEEE Trans. Vehic.
Tech., vol. 48, no. 1, 1999.

S. S. Stankovic, M. J. Stanojevic, and S. D. D., “Dencentralized
Overlapping Control of a Platoon of Vehicles,” IEEE Transactions
on Control Systems Technology, vol. 8, no. 5, pp. 816-832, 2000.

P. Barooah and J. P. Hespanha, “Error Amplification and Disturbance
Propagation in Vehicle Strings with Decentralized Linear Control,” in
Proceedings of the 44th IEEE CDC and ECC, 2005, pp. 4964-4969.
D. Yanakiev and I. Kanellakopoulos, “Nonlinear Spacing Policies for
Automated Heavy-Duty Vehicles,” IEEE Trans. Vehic. Tech., 1998.
J. Eyre, D. Yanakiev, and I. Kanellakopoulos, “A Simplified Frame-
work for String Stability Analysis of Automated Vehicles,” Vehicle
Systems Dynamic, vol. 30, no. 5, pp. 375-405, November 1998.

S. Sheikholeslam and C. A. Desoer, “Control of Interconnected Non-
linear Dynamical Systems: The Platoon Problem,” IEEE Transactions
on Automatic Control, vol. 37, no. 6, pp. 806-810, June 1992.

S. Darbha and J. K. Hedrick, “String Stability of Interconnected
Systems,” IEEE Trans. Autom. Control, vol. 41, no. 3, 1996.

I. Lestas and G. Vinnicombe, “Scalable Decentralized Robust Stability
Certificates for Networks of Interconnected Heterogeneous Dynamical
Systems,” IEEE Trans. Autom. Control, vol. 51, no. 10, 2006.

P. Barooah, P. G. Mehta, and J. P. Hespanha, “Mistuning-Based Con-
trol Design to Improve Closed-Loop Stability of Vehicular Platoons,”
IEEE Trans. Autom. Control, vol. 54, no. 9, 2009.

J. Shanks, S. Treitel, and J. H. Justice, “Stability and Synthesis of Two-
Dimensional Recursive Filters,” IEEE Trans. Audio Electroacoust.,
vol. AU-20, no. 2, pp. 115-128, 1972.

R. P. Roesser, “A Discrete State-Space Model for Linear Image
Processing,” IEEE Trans. Autom. Control, vol. 20, no. 1, 1975.

E. Fornasini and G. Marchesini, “Doubly-Indexed Dynamical Systems:
State-Space Models and Structural Properties,” Math. Systems Theory,
vol. 12, pp. 59-72, 1978.

T. Hinamoto, “2-D Lyapunov Equation and Filter Design Based on the
Fornasini-Marchesini Second Model,” IEEE Transactions on Circuits
and Systems, vol. 40, no. 2, pp. 102-110, February 1993.

Y. Ebihara, Y. Ito, and T. Hagiwara, “Exact Stability Analysis of 2-D
Systems Using LMIs,” IEEE Trans. Autom. Control, vol. 51, 2006.
J. H. Lodge and M. M. Fahmy, “Stability and Overflow Oscillations
in 2-D State-Space Digital Filters,” IEEE Trans. on Acoustics, Speech,
and Signal Processing, vol. ASSP-29, no. 6, pp. 1161-1171, 1981.
B. D. O. Anderson, P. Agathoklis, E. I. Jury, and M. Mansour, “Sta-
bility and the Matrix Lyapunov Equation for Discrete 2-Dimensional
Systems,” IEEE Trans. Circuits and Systems, vol. 33, 1986.

J. E. Kurek, “Stability of nonlinear parameter-varying digital 2-d
systems,” IEEE Trans. Autom. Control, vol. 40, no. 8, 1995.

Q. Zhu and G.-D. Hu, “Stability and absolute stability of a general
2-D non-linear FM second model,” IET Control Theory & Appl., 2011.
Q. Zhu, G.-D. Hu, and Y.-X. Yin, “Lyapunov-Type Theorem of
General Two-Dimensional Nonlinear Parameter-Varying FM Second
Model,” IEEE Transactions on Circuits and Systems - II: Express
Briefs, vol. 59, no. 7, pp. 453-457, July 2012.

J. E. Kurek, “Stability of nonlinear time-varying digital 2-D Fornasini-
Marchesini system,” Multidim. Sys. and Signal Processing, 2012.

D. Angeli, E. Sontag, and Y. Wang, “A Characterization of Integral
Input-to-State Stability,” IEEE Trans. Autom. Control, 2000.

D. Angeli, “Intrinsic robustness of global asymptotic stability,” Sys-
tems & Control Letters, vol. 38, no. 4-5, pp. 297-307, 1999.

S. Knorn, “A two-dimensional systems stability analysis of vehicle
platoons,” Ph.D. dissertation, National University of Ireland Maynooth,
2013. [Online]. Available: http://www.hamilton.ie/publications/thesis_
knorn_2013.pdf



