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ABSTRACT

This paper is concerned with event-triggered autonomous platoon control with probabilistic
sensor and actuator failures. A new platoon model is established, in which the effect of event-
triggered scheme and probabilistic failures are involved. Based on the model, the criteria for the
exponential stability and co-designing both the trigger parameters and the output feedback are
derived by using the Lyapunov method. The theoretical results show that the proposed controller
would be able to safely maintain a smaller inter-vehicle spacing and the platoon would be string
stable. The effectiveness and advantage of the presented methodology are demonstrated by

numerical simulations.

1. Introduction

Autonomous platoon control system (APCS) is a vehi-
cle-following control system which automatically
accelerates and decelerates so as to keep a small inter-
vehicle distance [1,2]. There are so many advantages of
moving vehicle based on the notion of platoons, such
as driving safety and comfort, reducing fuel consump-
tion and air pollution, and improving the throughput
in the urban traffic [3,4]. As a result, a lot of research
works on platoon control have been extensively stud-
ied in [5-7].

Since vehicles in a platoon are coupled, disturbances
acting on one vehicle may inevitably affect the others,
rendering spacing errors to amplify along the platoon
which is called string instability [8,9]. Therefore, an
important aspect of vehicle platoon control, beyond
stabilizing each of the individual vehicles involved, is
the problem of ensuring string stability, or stability of
the platoon of vehicles as a whole.

To guarantee string stability and maintain the
desired space, much research has been proposed in [3-
17]. As stated in [6], there have been two control strat-
egies, i.e. the bidirectional following and predecessor
and leader following. First, the bidirectional following
strategy is a platoon control scheme by which the
information of its following and preceding vehicle
should be employed. This scheme is decentralized,
since the control information can be obtained by on-
board sensors alone. Still, the nearest neighbour fol-
lowing control suffers from the high sensitivity to the
length of the vehicular platoon and lower performance
compared with the predecessor and leader following

ARTICLE HISTORY
Received 19 August 2016
Accepted 27 March 2017

KEYWORDS

Platoon control; event-
triggered control; string
stability; sensor and actuator
failures

strategy. Such as in [8], the authors investigate optimal
control strategies for a nearest neighbour following
with an increasing number of vehicles and show that
some related linear quadratic regulator (LQR) prob-
lems are ill-posed. A mistuning control method is
designed in [9] to improve the stability margin of the
platoon system. In order to enhance the coherence of
the nearest neighbour following control scheme, an
optimal controller was designed in [10].

Due to these weaknesses of the bidirectional struc-
ture, most of the platoon-control research work has
been based on the predecessor and leader following
platoon control structure. This control scheme is
advantageous because, apart from its simplicity in
achieving string stability, it utilizes the wireless com-
munication technology to increase the performance of
the platoon. However, the use of the wireless commu-
nication immediately causes some questions on the
effect of communication constraints. Under this
framework, these works present in [11] studied the
effects of communication delays on string stability;
longitudinal platoon control and state estimation via
communication channels with packed-dropout are
addressed in [12]; a decentralized communication and
control strategy is presented in [13] for automated
driving assistance to a platoon of vehicles in heavy traf-
fic and scarce visibility.

In contrast to the aforementioned literature, the
main focus in this paper is on how to deal with the fol-
lowing three aspects. First, ignoring the frequent oper-
ation on the actuator brings an uncomfortable
experience to the passengers and increases the fuel
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consumption. In [14], the authors discuss how the fre-
quent operation affects the fuel consumption. In [15],
a model predictive control method was discussed,
which can minimize the frequent operation on the
throttle. However, these control methods suggested are
not applicable to the APCS. Second, without consider-
ing the contingent failures might happen to the on-
board sensors in practical cars for reasons such as poor
visibility due to rain or sandstorm and interference of
radar signals [16,17]. The combined actuator fault is
the third aspect that may add to the limitations since
the actuator failure will cause a wrong operation on
the actuator speed growing or reducing. Previous
works on actuator failure detection and control related
to vehicle control have been carried out in [18,19].
However, the detection technologies suggested are not
applicable to the fully APCS, which is still an open and
challenging problem.

The aim of this paper is to design an autonomous
platoon control method within an event-triggered
framework. We first model the platoon system that
takes full consideration of the probabilistic failures.
Sufficient conditions for the existence of output feed-
back controllers are derived in the context of an event-
triggered scheme, which ensure the exponential stabil-
ity of the platoon system. With these conditions, the
individual vehicle stability and string stability can be
guaranteed with a desired exponential decay rate. As
will be shown later in numerical simulations, the pre-
sented method can serve as an effective algorithm for
practical use.

The remainder of this paper is organized as follows.
Section 2 introduces the problem formulation of pla-
toon control with sensor and actuator failures taken
into consideration. Section 3 presents an event-trig-
gered controller for dealing with probabilistic failures.
Section 4 obtains the sufficient conditions for the con-
troller to achieve string stability. Numerical simula-
tions are shown in Section 5. Finally, Section 6
presents the conclusion.

2. Problem formulations

Consider a platoon system consisting of n vehicles (see
Figure 1) running in a horizontal environment. Denote
by zi, vi and g; the ith (i = 0, ..., n—1) vehicle’s posi-
tion, velocity and acceleration, with i = 0 standing for
the lead vehicle and the others being followers. Each
follower vehicle periodically broadcasts its position,
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Figure 1. Autonomous platoon systems.

velocity and acceleration to the following vehicle in the
platoon one by one. The lead vehicle periodically
broadcasts its position, velocity and acceleration to all
the follower vehicles in the platoon. All followers are
equipped with GPS devices and to measure the dis-
tance and relative velocity between it and its preceding
vehicle.

2.1. Platoon system dynamics modelling

Consider a platoon of n vehicles, as shown in Figure 1,
where i = 0 stands for the leading vehicle. The spacing
error for the ith following vehicle can be defined as

5,':Z,',1—Z,'—8¢1—L (20:0in81), (1)

where 8, is the desired vehicle spacing, z;_; and z;
denote the position of two consecutive vehicles, and L
is the length of the vehicle. Then, the dynamics of the
ith following vehicle can be modelled by the following
nonlinear differential equations:

8 = vi_1 — Vi,
Vi = 4ai,

ai = fi(vi, ai) + gi(vi)ci, )

where v;and a; are the velocity and acceleration, respec-
tively, ¢; is the control input of the ith vehicle’s engine,
with ¢; >0 and ¢; <0 representing the throttle input
and the brake input, respectively. f;(v;, a;) and g;(v;) are
given by

1 I

2m,- m;

filviya;) = 1 <1-,i i

i

oAiCai , n dmi\  OAicqiviai
mi
1

b
Simi

g&i(vi) =

with o being the specific mass of the air. For the ith vehicle,
m; is the vehicle mass, A; is the cross-sectional area, o'A;
cai/2m,; is the air resistance, cg; is the drag coefficient, dyy;
is the mechanical drag and ¢; is the engine time constant.

For (2), we adopt the following feedback lineariza-
tion control law:

¢ = wim; + 0Aicaivi /2 + dmi + Gi0Aicaviai,  (3)

where u; is the additional input signal to be designed so
that the closed-loop system can satisfy certain perfor-
mance criteria. After introducing (3), the third equa-
tion in (2) becomes

. 1 1
ai(t) = ——a;(t) +—ui(t). (4)
Define x(t) = Col[x;(t)]/-), u(t) = Col[u;(t)])}
and y(t) = Col[y;(t)]/,, respectively, as the state, the



control and the measurement output vectors, where

“Col” represents the column vector, x;(t)=
[3,’ Vi ai]T and yi(t) = [(S, Vie1 — Vi a4j—1 — 4;
Vo — Vidy — a,-]T, i=1, .., n—1. Based on (2) and (4),

the state-space equation of the platoon system can be
written as

x(t) = Ax(t) + Bu(t), (5)
where
A, 0 0 B, 0 0
= Ay A, 0 B= 0 B, 0 7
0 Ay A, 0 0 B

0 -1 0 010
A,=10 0 1 L Ag=10 0 1
00 —1/g 0 0 0

Similarly, the output equation is written as
(1) = Cx(1), 6)

For each following vehicle, the kernel controller to
be designed is in the following output feedback form:

u,-(t) = Kiyi(t), (7)

where Ki =1[k, k, ki ky
gain to be determined.

ky] is the controller

2.2. Construction of event-triggered framework

As is well known, the periodic sampling mechanism
has been widely used in APCS. However, it may often
lead to sending many unnecessary signals to the con-
troller, which in turn will increase the fuel consump-
tion. Therefore, for the control of the platoon systems
shown in Figure 2, in order to achieve fuel economy, it
is significant to introduce an event-triggered mecha-
nism which decides whether the newly sampled infor-
mation should be sent to the controller. As shown in
Figure 2, an event generator is constructed between the
sensor and the controller, which decides when to trans-
mit the measurement output to the controller by a
specified trigger condition; the state is sampled regu-
larly by the sampler of the sensor with period / and is
fed into the event generator, which will be given in the
sequel. The following function of the event-triggered
platoon system architecture in Figure 2 is expected:

(1) The state of the vehicles i is sampled at time kh
by sampler with a given period h. The next state
is at time (k + 1)h.
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Figure 2. Architecture of the event-triggered platoon system.

(2) As shown in Figure 2, the event generator is con-
structed between the sensor and the controller,
which uses the sampled state to determine whether
the newly sampled state will be sent out to the con-
troller. Considering the probabilistic failures, we
adopt the following judgement algorithm:

[E{px(k + )h)} — E{px(kh) }]" Q[E{ ox(k +)1)}
~E{px(ki)}] < puB{px(k + )} QE{px(k + 1)},
®)

where () is a positive weighting matrix, j€{0, 1,2, ...},
w € [0,1] and p = diag{p,, p3, - - ., p,} With p; = diag
{0ps Pvs Pas Py; Par} s the failures” status matrix of the
ith vehicle, and p,, p,, p,> py and p, are five unrelated
random variables.

(3) Under the event-triggered scheme (8), the release
times are assumed to be foh, t;h, t:h, ..., where ¢,
is the initial time. s;h = t;;1h — t;h denotes the
release period of event generator in (8). Consider-
ing the effect of the transmission delay on the
wireless communication network, we suppose the
time-varying delay from the lead vehicle is 75 and
7k € [0, 7], where 7 is a positive integer. Therefore,
the measurement output x(¢t,h), x:(t,h), x,(t:h), ...
will arrive at the following vehicle at the instants
toh + 5o, t1h + 51, i + 55, ..., respectively.

Considering the effect of the communication delay,
under the event generator with (8), the controller in
(7) can be rewritten as

u(t) = KCx(tch), t € [tch + T, timih + Tet], (9)
where K = diag{K;}} .
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Remark 2.1: Under the event-triggered scheme (8),
the set of release instants {t,h, t,1 4, t,h, ...} is a subset of
the sampled instants {0, 1, 2, ...}. Moreover, the
amount of {toh, t;h, t,h, ...} depends on not only the
parameter u;, but also on the variation of the preced-
ing vehicle’s state, that is to say, if the change of the
lead vehicle and the preceding vehicle’s states is not
serious, there will be no further actions on the follow-
ing vehicles.

2.3. Effect of sensor and actuator failures

Now, we are in a position to show the sensors and
actuators used in the platoon system and the problems
caused by the failures as indicated in the Table 1.

In this research, the sensor-failure model in [20]
was utilized to describe the failure phenomenon in
GPS, wheel speed sensor and accelerometer, namely

8/(t) = pl8i(1). V(1) = plvi(t), aj(t) = pfay(t), where
0<p)<p},0<p; <p/and0 < pf <7, with 7, P}
and p?. Then, the controller (9) can be written in the
following form:

u(t) = KCpyx(tch), t € [tkh + Tk, tip1h + Ty ], (10)

where p, = diag{pslv Ps2s -+ los(n—l)} with pg = diag
{05, 0%, p%} and the mathematical expectation and
variance of pff(m =4, v, a) are B and A,
tively.

Based on (10), we consider the actuator failures as
in [21], then (10) can be described as follows:

respec-

u(t) = p,KCpux(trh), t € [txh + T, tirh + iy ], (11)

where Pac = diag{pacla Pacas « + 5 pac(nfl)} represents
the actuator failure state and 0 < p,; < P, With
Paci = 1. The mathematical expectation and variance
of p, are B, and 4., respectively.

Under the controller (10), the closed-loop platoon
system for t € [txh + Ty, trh + Tha), K =10,1,2,. ..
can be written in the following form:

X(t) = Ax<t) + BpacKC/Osx(tkh)a
= Ax(t) + Bp, KCpx(tch) + vx(txh),  (12)

where v = BﬁacK(ps - ﬁs) +B(pac_ ﬁac)Kﬁs + B(/Oac_
ﬁac)K(ps - ﬁs)’

Table 1. Complete set of sensor and actuator.
On-board sensor and actuator

Failure phenomenon

Wheel speed sensor Lost velocity information
GPS Lost position information
Accelerometer Lost acceleration information
Throttle actuator Platoon break-up

Brake actuator Rear-end collision

n—1
ﬁac = diag{ﬂaclv ﬂacZa L) IBac(nfl)} = Z ﬂaciL;ca
i=1

n—1
P, = diag{ B, B3, By} = D BULL
i=1

E{(pac - pac)z} = diag{iicl? e "iic(n—l)}’
E{(p, —5.)°} = diag{ (B1)", (B2, (Blpr)’ }-

L} = diag(0,...,0,1,0,...,0),
N—— N——
i—1 n—1—i
L = diag(0,...,0 ,1,0,...,0).
N—— N——

i—1 n—1—i

For the convenience of forthcoming discussion,
consider the following two cases:
Case 1: If th+h+7T>fHh+ tee1s
T = maxty, define a function t(¢) as

where

t(t) =t —th, t € [lkh+ T, kb + T, (13)
Clearly, following from (13) that
T <t(t) < (1 —t)h+ k1 <h+71. (14)

Case 2: If tth + h + T < tg 1h + Txy1, consider the fol-
lowing intervals:

[tk]’l + 1, tth+ h +ﬂ and [tkh +]h + Ty, tkh +]h +h +f].

Since 7; < T, it can be easily shown that there exists
d;y such that

tkh“‘th“‘f < tk+1h+ Tk+1 < tkl’l‘i‘th"'h‘i‘?

Moreover, x(th) and th + jh with j= 0, 1, ...
satisfy (8):

> du

I, = [tkh + 15, tth+ h + ?],
Let o I = [txh + jh + T, txh + jh +h + 7],  (15)
I, = [tch + dyh 4 Tt h + Tra ],

where j=0, 1, ...,dy — 1, one can get

j=dum
[tkh + Tk, tisrh + T | = jL:JO I.

t — th, tely,
Definet(t) = t—tth—jh, tel , (16)
t —tch —dyh, te€ Iy,
Then, we have
f <t(t) <h+T, tely
wW<T=<7tt)<h+7, t€I, (17)
h<T<1T(t)<h-+7, te€l,



where the third row in (10) holds because
tir1h + Ter1 < th + (dy + 1)k 4 T. Obviously,

0<1 < Ti(t) <h+T él’jm, te [tk]’l + Tk, tk+1h + Tk+1].

(18)

In Case 1, for t € [txh + Tk, txr1h + Tgy1), define
ex(t) = 0; in Case 2, define

0, tely
pee(t) = < pex(teh) — pox(teh + jh), t €I
px(tch) — px(tch + dyh), t €Iy,
(19)

From (19) and the triggering algorithm (8), it can be
easily seen that, for t € [th + Tk, ter1h + Tt )

ey (0D Qpyex(t) < ux (t — (t))p Qp&(t — =(t)). (20)

According to (19), we can deduce that

0, tel
ex(t) = ¢ x(tkh) —x(tkh +jh), tel; . (21)
x(tkh) — x(tkh + th), t €Iy,

Utilizing 7(¢) and e (t), the closed-loop platoon sys-
tem (12) can be rewritten as

() = Ax(t) + B, Kpx(t — 7(t)) + ex(?)
+v[x(t — (1)) + ex(1)], (22)

where t € [tkh + Tk, e th + Tk+1]-

2.4. The objective

Our objective of this paper is to design an event-trig-
gered-based controller for the platoon system to meet
the following criteria:

(i) Individual vehicle stability: the entire closed-
loop platoon system is exponentially mean
square stable (EMSS).

(ii) Steady-state performance: the relative velocity
errors Av;(t) approach to zero for all vehicles.

(iii) String stability: the oscillations are not amplify-
ing with vehicle index due to any manoeuver of
the lead vehicle, namely ||G(jw)|| < 1 for any w,
where  G(s) = 8;(s)/8i_1(s) with 8;(s) and
3i—1(s)denotes the Laplace transforms of the
spacing error 8;(¢) and &;_ (¢), respectively.

Before giving the main results on the controller
design, we first give two definitions and two lemmas.
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Definition 2.1 [22]: For a given function
V:C} ([=Tm, 0], R") X S, its infinitesimal operator T is
defined as @(V(t)) = limy _, o+ [E(V (5, + A) | 7,) — V(n,)].

Definition 2.2 [22]: System (18) and (19) is said to be
EMSS if there exist constants @ > 0 and 8 > 0 such
that, for t > 0,

E(Jx(0)]f) < W’“E{f SE€<O||¢<s>||2}'

Lemma 2.1 [23]: For any vectors x, y € R”, and posi-
tive definite matrix Q € R"*", the following inequality
holds:

2Ty < x"Qx +yTQ7Yy.

Lemma 2.2 [23]: E;, E; and ) are matrices with
appropriate dimensions, 7(t) is a function of ¢t and
0 < 7(t) < i, then t(t)E; + (s — t(t))E, + Q2 <0,
if and only if T E; + Q <0, TE, + Q < 0.

3. Event-triggered controller design

One event-triggered controller for the platoon system
with sensor and actuator failures is derived in this sec-
tion. This controller is designed based on Lyapunov’s
second method.

We first give the EMSS condition for the platoon
system (22) in the following theorem:

Theorem 3.1: For the given scalars Ty, Bi> Baci> A

Aaci» & € [0, 1] and feedback gain K, the closed-loop pla-
toon system in (22) is EMSS, if there exist matrices
P>0, Q>0 R>0, O0>0, N and M such that for
g = 1, 2 and the following inequalities hold:

Sh+T+TT 25, JmwAd S s
* —R 0 0 0
Z(g)=| « « —R' 0 0 |<O,
* * * 24 O
* * * * 255
(23)
where

Zizzy/TMN, 2%2:\/TMM,
I'=[N M-N -M o],
Z:[A Bp,.Kp, 0 B/BacK:Bs]a

Wi = 20 (Bo ()" + A2a(BY)” + 2 (7)),

Zu=[A Ay Ayl

A= [AZ; A?é AiT(n—l)}’
Aj=+/Wy[0 BLLKL: 0 0],
25 = [Hl I, H(n—l)]7
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1I; = [Hg Hig HiT(n—l)}’
I = /W;[0 0 0 BL KL],
Ty = Zs5 = diag{ R, ~R7",.., R '},
PA+A"P+Q * * ¥
KT B S ugATon .
In = 0 l 0 -Q *
. 0 o -Semranan

Proof: See Appendix 1.

Remark 3.1: Theorem 3.1 supplies a sufficient condi-
tion for the platoon system to be EMSS, implying that
the control objective (i) and (ii) can be achieved. We
now proceed to give a reliable controller design
method through selecting a constant « to minimize
S (@i — @)in the following theorem:

Theorem 3.2: For the given scalars ta, Bl Bacir Aui»

Aaci» €> 0 and p € [0, 1], the closed-loop platoon system
in (22) with controller gain K = YX~' is EMSS if there
exist matrices X > 0, Q > 0, R> 0, Q>0, NMandY
such that for g =1, 2, and the following inequalities
hold:

[ P T T - 0 0 s Zio]
Zo+l+0 Zf, A O s, 4 o
* -R 0 0 0
« x  —2X+eR 0 5,0 0 0 0
* * * i44 0 26 0 0 0
* * * * i550 S5 0 0 <0,
* * * * x T 0 0 0
* * * * ¥y i77 0 0
* * * * * " 288 0
»* * * * * N . . igg_
(24)
where
AX+XAT+Q aBS,.Y 0  aBs,.Y
N " Q 0 0
211 == ” ~ )
* * -Q 0
* * * —Q
~1 ~
212 = \/'L'MN, 212 = \/'L'MM,
I'=[N M—-N -M o],
A=[AX aBp, Y 0 aBp, Y],
BS,.Y BS,.Y 0 0
- 0 0 8 —al 0
215 = ’ * 3
0 0 0 0
0 0 0 8, —al

0 0 0 0
5 L! Lt s _ 0 --- 0
R o "7 o o |
0 -0 I I
T35 = [VTmBoY 0 0 0],
T4 = diag{—2eX 4 ¢°R, ..., —2eX + &’R },
2(n—1)>*
255 = diag{_X> —X, X, _X}7
I []\1 /~\2 ]\nfl]’
~ ~T T
A= |:01><(i71)(n71) G O(nflfi)(nfl)xlj| )
257 = [Al A2 An—l ]7
A=A, C; = /Wy YTLL BT YTLL BT],
i:66 = 07, = Ogg = Og9 = diag{—X,...,— X}
—_——

(n-1)?

Furthermore, a candidate controller gain can be
given by K= YX .

Proof: See Appendix 2.

Remark 3.2: The proposed Theorem 3.2 gives upper
bounds t* for the delay which guarantee the stability
of the individual vehicle. This means that the theorem
can help us to evaluate the wireless network used in
the platoon systems.

4, String stability

In the above section, considerations have been focused
primarily on the EMSS of all the individual vehicles in
the platoon system. This section is concerned with the
issue of string stability, which is associated with objec-
tives (iii) given in Section 2. Here, we first give a result
on string stability, and then derive an additional set of
constraints to guarantee zero steady-state velocity
error. The analysis and results are based on the event-
triggered controller (7) obtained above and assume all
vehicles have the same fault parameters, namely p} =
Py = p§ = p; and p, = ;..

Consider the ith following vehicle under the control
of the presented event-triggered controller. By using
Equation (1), we can have the following equation about
its spacing error:

§i(t) = ai1(t) — ai(t). (25)
Substituting (11) into (4), we have

1 1
a,‘ t) = ——a;(t +_ki i
() c () e



Combining with (25) and considering the faults
in (11), the equation about spacing error can be written
as

(1) = —5i(1) — L kil — 7) — Kbyl — )
—kaSi(t — 1) — kySi(t — ) — kadi(t — 1)
+kpSi1 (t — T) + ki (t — T)
+kabi1 (t — 7)) Ppe- (26)

Taking the Laplace transform of Equation (26), we
can get

y P (kp + kys + kas®) pye ™™
68 + 52+ pilky + (ky + ku)s + (ko + ka)s?] pte ™
(27)

Based on this transfer function, we have the follow-
ing result on string stability:

Theorem 4.1: for the platoon-spacing error system
(26), |8:(jw)/8i—1(jw) | < 1 holds for anyw > 0, if the
following conditions are satisfied:

(a) ckp/ P} ps — ky — ki <0,
(b) kal + ka = g(kv + kvl)//o:pzcy (28)
(€) K + 2(kyky — kyky) — 2k, > 0,

(

d) 1 K + 2¢(cky/ 0 1 — Ky — k) = 0.
Proof: First, we write | §;(jw)/8;i—1(jw) | as

61' (]W)

| = a
8i1(jw) Va+b
where

a = (k, — kaw?)* + kK2w?,
b = [k + 2(kyka — kpka) — 2k,cos(zw)|w?
+2(cky/ pipt. — kv — ky)sin(zw)w’
+[1+ K + 2koka + 2[(ka + ko)
—lky + k) i Jcos w)
—26(ka + ka)/ 0 Pcsin(zw)w’ + (/ p; i) w*

G(jw) = |

Since a>0, [&(w)/8i—1(jw)| <1 holds true,
i.e. the platoon is string stable, if b > 0. From (28(a))
and the fact that sin(nw) < tw, we have for w>0
that

2(sky/ 0% Pl — ky — kat)sin(tw)w’
< 2t(sky/ pi Py — kv — k)W'. (29)
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Using the condition (28(b)), we have

b > [k + 2(kyky — kpka) — 2kycos(Tw)|w?
+[1 + k2 + 2koka + 27(sk,/ pL ok, — Ky — k)W
~26(ka +ka)/ 0 prcsin(tw)w* + (s /05 )W'.

Since ¢, ky, k, and k, are all positive, and the fact
that cos(tw), sin(tw) < 1, one can get

b > [ + 2(koka — kpka) — 2k,Jw? + [1 — K

+ 21(cky/ 0% p%c — Ky — k)] (30)

Thus, if the conditions (28(c,d)) hold, then

b > 0. This completes the proof.

Remark 4.1: It should be noted that the conditions for
achieving platoon control require combining Theo-
rems 3.2 and 4.1. This produces an upper bound for
the time delay, that is,

T < { -k r*} (31)
= 2(k + ki — sk /0ips) " )

5. Simulations

For the numerical simulations, we consider the pla-
toon-control system in Figure 1, each of which consists
of 10 vehicles, which run in a virtual environment
established using a system-build software package in
MATLAB. Comparisons are made between the pro-
posed controller and the method in [15]. The following
parameters are used in the simulations: minimum
vehicle distance dy = 3m, length of the vehicle L; = 4
m and the engineer time constant ¢; = 0.25. The other
parameters used in the simulations are the same as
[17], namely specific mass of the air o = 1.2kg/m?,
cross-sectional area of vehicle A; = 2.2m?, drag coeffi-
cient cg = 0.35, vehicle mass m; = 1464kg and
mechanical drag d,,; = 5N.

In the simulation, we suppose that the sensor’s fail-

ure Py = Py = -+ = Py = diag{0.8,0.8,0.8}, with
Wo=dk = =2 =0151, =1, =-=2y =03,
A =25 = =2% = 0.15 and the actuator’s failure
P, = diag{0.65,0.65,0.65,0.65,0.65,0.65, 0.65, 0.65,
0.65} with dye; = dacx =+ = daeo = 0.15, @ = 18.06,

¢ = 1. The sampling period is h = 0.2ms,the corre-
sponding parameter u= 0.03. The probabilistic sensor
and actuator failures for the first vehicle are shown in
Figure 3(a,b), respectively. Then, from Theorems 3.2 and
4.1, we can get the upper bound of the time delay
Ty = 0.9486. By setting the delay t = 0.9, the controller



42 (&) W.YUEANDL WANG

25 25

——GPS Throttle/Brake
5 Wheel speed
o Accelerpmeter 2 2
2 =
] 2
Z 15 . H
2 o 15
o 1
£ \ ‘ I ' =
pet 1 5
£ ‘\r\ “\“' R
E i
5 s
2 s
& o S os
05 0
[ 20 40 60 80 0 20 40 60 80

t(s) t(s)

Figure 3. (a) Sensor failures; (b) actuator failures.

gains are obtained as

K = diag{K;};,

=1[9.001 0.2110 3.000 14.214 0.6068 ]

5.1. Lead vehicle’s rapid acceleration and
deceleration scenario

In this scenario, it is assumed that all vehicles in the
platoon are running at the same initial speed of 10 m/s
with desired spacing as 1 m. At 5 s, the lead vehicle
accelerates at 2m/ s? from 10 to 45 m/s and at 19 s, the
preceding car decelerates at the acceleration of
—3m/s? from 45 to 17 m/s. All the following vehicles
are controlled to follow it by using the proposed con-
troller and the algorithms in [15]. The results are
shown in Figures 4 and 5, respectively.

During the acceleration stage, the maximum spac-
ing errors and velocities for all the following vehicles
in the platoon system under the proposed controller
are 1.48 m and 45.3m/s, respectively. As shown in
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Figure 4. Ten-vehicle platoon system under proposed control-
ler: responses and spacing propagation characteristics: (a) spac-
ing errors; (b) velocities; (c) control input; (d) frequency
response 3wl | G(jw) | < 1.
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Figure 5. Ten-vehicle platoon system under controller in [15]:
responses and spacing propagation characteristics: (a) spacing
errors; (b) velocities; (c) control input; (d) frequency
response 3wl | G(jw) | > 1.

Figure 4, the whole platoon can achieve tracking con-
trol accuracies with a smooth control input. In this
same case, when the method suggested in [15] is used,
the system is string unstable (see Figure 5). The maxi-
mum spacing error and velocity are 2.8 m and
49.1m/s, respectively, which are much higher than in
our case as shown in Figure 5(a,b). During the deceler-
ation stage, it is found that the whole platoon can hold
string stability, and the maximum spacing error and
velocity are 0.74 m and 16.4m/s, respectively, as shown
in Figure 4. In contrast, as shown in Figure 5(a), the
maximum spacing error is —1.75 m, which means a
rear-end collision is happening, and the platoon is
string instability.

5.2. The platoon suffered unknown disturbances

Various types of disturbances typical for real operation
conditions have been considered. Figure 6(a) repre-
sents an illustration of the capabilities of the proposed
methodology to cope with noisy and measurement
errors. We assume zero initial conditions, using noisy
measurements of 8i, vi and ai, where the noise is
assumed to be white and zero mean with standard
deviations 0.02 m, 0.05 m/s and 0.02 m/s?, respectively.
In the stochastic case, the efficiency of the controller
described in Section 3 is obvious and the results show
that the maximum absolute spacing error does not
exceed 0.8 m. Figure 6(b) illustrates the situation when
the second and third vehicles lose the information of
the lead vehicle’s velocity and acceleration; vehicles 2
and 3 are obviously string unstable, but the rest of the
vehicles still meet the platoon-control objective (3) in
Section 2.
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Figure 6. Ten-vehicle platoon system under proposed control-
ler: (a) effect of noisy and measurement errors; (b) loss of lead
vehicle’s information.

6. Conclusions

In this paper, we have established an event-triggered
control scheme for the autonomous platoon control of
vehicles with sensor’s and actuator’s failure. To reduce
the negative effect of the failures, an event-triggered
control method based on the Lyapunov method was
proposed. The simulation results show the presented
method is in general superior to the existing result, and
a safer and smoother transient performance can be
achieved by properly choosing the design parameters.

An interesting future topic that merits this research is
how to improve the closed-platoon system performance
by using more than two vehicles’ information. In this
scheme, the wireless communication constraints should
be considered. These issues raise various open problems
that are worth investigating. One possibility is to apply
the method presented by Li and Dong [24,25] to auton-
omous vehicular platoon control.
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Appendix

Here, we present the proofs of Theorems 3.1 and 3.2.

A.1. Proof of Theorem 3.1

Define a Lyapunov function as

(5)Qx(s ds+/ /
t—tpm Js

Vi(xe) 0)dods,

=xT(t)Px(t) + /t
(A1.1)

where P, Q and R are positive-definite matrices with
appropriate dimensions.

According to Definition 2.1 for V(x;) and taking
expectation on it, one can derive

E{WV(x;)} = 2x"(£)P{Ax(t) + Bpocpps[x(t — (1))
“+ex(t)] xT(6)Qux(t) — xT(t — ) Qx(t — i)

FE{yi (6)RE(E)} — /tt i (5)Qi(s)ds

+I + 1, (AL.2)
where
I = 2ET(O)Nx(t) — x(t — z(t)) — /j ()J'c(s)ds] =
(AL3)
t—1(t)
T, = 267 ()M{x(t — 7(£)) — x(t — 731) — /7 i(s)ds] = 0,
(A1.4)

where N;; and Nj; are matrices with appropriate
dimensions, and

() = [+7(0) STt =) w(t—7()].

RE0)

By Lemma 2.1, we have

—26T(H)N /

/”(t)x (5)Ri(5)ds,

t—1(t)

x(s)ds < (tayr — 7(8))ET(H)MRIMTE(t)

s)ds < t(t)ET () NRTINTE(t)
(A1.5)

25T (M

t—tym

t—1(t)
/z %7 (s)Ri(s)ds.

—M

(Al.6)

Notice that

E{tyx" ()Rx(t)} = Etu[Ax(t) + Bp,Kp,(x(t — (1))
+ex(t))+v(x(t — 7(t))]"R[Ax(t)
+BﬁacKﬁs(x(t - f(t)) + ek(t))
+u(x(t — (1))
= Tu[Ax(t) + BpocKpi[x(t — ©()) + ex(t)]]" R[Ax(1)
+BﬁacKﬁs[x(t - T(t)) + ek(t)“
+ BﬁacKﬁsekU)
+ E{erT(t — 7(t))v" Rux(t — (1)}
+ E{ZIMxT(t - r(t))vTRvek(t)}

+ E{tume; (t))v" Rver(t) }. (A1.7)

According to Lemma 2.2, the term 27yx” (t — 7(t))
vT Rvei(t) in (A1.7) satisfies

2txT (t — 7(£))vTRvey(t) < TapxT(t — (t))vTRux(t — ()
+tume] ()T Rveg(t).

(A1.8)
Then, we get
E{tns” (1)Ri(1)} < tarlAx(t) + BpuKpi[x(t — 7(t)) + ex(1)] R
[Ax(t) + BpacKpg[x(t — (1)) + ex(t)]]
+E{27yx" (t — 7(t))v"Rux(t — (1))}

+E{2rMe,f (t)v TRvek( 1}. (A1.9)

Recalling (12), we obtain

E27yx" (t — 7(t))v Rux(t — (1))}
= 2ty E{x" (t — (1)),

- ﬁs) + B(pac - ﬁac)K—ps

ﬁaC)K(lOs - ps)]TR [BﬁacK(ps - /65)

[Bp.K(ps

+B(pac -



+B(loac -

P x(t — (1))
= ZTMxT(t - T(t)) [(BﬁacK(ps - ps))T
RBpacK(lOs - ﬁs) + (B(loac - ﬁac)Kﬁs)TRB(loac

(B(Ioac - pac)K(ps - ﬁs))T
ﬁac)K(ps - ﬁs)}

x(t —1(t)).

ﬁac)K_ps + B(pac - Eac)K(ps -

- ﬁac)Kps +
RB(pac -
(A1.10)

Noting that
B{2eu(EpK(p, — 7)) RBD.K (p = 1)}

= ZZZIM,Bm v} (BL.KL)" RBL} KL,

i=1 j=
(A1.11)
_\T _ _
E{21M<B Pac pac)KlOs) RB(pac - pac)KlOs}
n—1 n—1
= 2t (B (BLLKL]) " RBL, KL,
i=1 j=1
(A1.12)
E{ZTM(ZB(IOac - ﬁac)K(ps - ﬁs))TRB(pac - ﬁac)K(ps - ﬁs))}
n—1 n—1

=Y 2rndli(vi)*(BLLKL) "RBL, KL}, (A1.13)
j=1

i=1
Combining (A1.10, A1.13), we get

E2ryx (t — 7(t))v Rux(t — 7(t))}
1 WixT (t — o(t))(BL. KL})"RBL. KLx(t — t(t)),

n—1n

i=1 j

(A1.14)

where Wy = 220 (B (v + 424 (B)) + 2as(V2)?).
Using the same method as (A1.14) we have

E2typef (t)v Rue (1)}

X
|
—_
3
|
—_

Wiel (t)(BL! KLJ)"RBL! KLey(t).
1

(A1.15)

i
-
I

Substituting (A1.3, Al1.7, Al.14, A1.15) into (Al.2)
and combining (20), we can get

E{WV(x;)} < 2x" (£)P{Ax(t) + Boocppi[x(t — 7(t))
+ex(t)] + (t) x(t) — " (t — Tar) Qx(t — Tur)

+ Ta[Ax(r) + Bp, K [x(t — o(t)) + ex()]]'R

[Ax(£) + BpacKpi[x(t — 7(t)) + ex(t)]]

n—1n—1

DD Wy

i=1 j=1

(¢t — ©(t))(BL! KLJ)"RBL_KLix(t — (t))
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n—1n—1

>

i=1 j=1
+ 2ET(N[x(t) — x(t — (1))
4+ 2ET (M (x(t — (t)) — x(t — )
+ 1()ET(H)NRTINTE(L) + (T

— () ET (MR MTE(L)

Wiel (t)(BL: KLI)" RBL! KLiex(t)

RSB (¢~ (0) () Qe — (1)

n—

+

> (B5)el (1) (L) QLiex(1)

= ET(1)(0 4 t(t))NRINT + (ty

—7(t)) MR 'MTE(t),
(A1.16)

where ® = W, + T +T7 + A" RA with

PA+ATP+Q *ok
o K'5,B'P A+ Z/L oy o« o«
Y= 0 0 -Q *
B ) n—1
o K'p,. BP0 0 A= (g ol
i=1
n—1 n—1 .
A= Wii(BL_KLJ)"RBL! KL

=[N M-N -M o]

By using Lemma 2.2, we can conclude from (Al.1)
that there exists a constant @ such that

B(WV(x)} = — 0B(Ix(0]?),  (AL17)
where 9 = min{9,in2(g) }. Define a new function as
W(x;) = e”v(x;). (A1.18)
Its infinitesimal operator ¥ is given by
YW (x;) = eev(x;) + e Wo(x;).

Then, we can get

EW(x;) — EW(xo)

= / t e EB{V (x;)}ds

0

t
+ / e"E{UV (x;)}ds. (A1.19)
0

By using the method in [23], we know that there
exists a positive number asuch that for t > 0
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E{V(x)} <o sup e “E{y(s)[*}. (A120)

—Ty <s<0

Since V(x:) > Amin(P)xT(£)x(t), then for t >0,
from (A1.20), we can obtain

E{x"()x(t)} <@ sup, e “B{[ly(s)]},

—Ty <s<0

(A1.21)

where @ = o/ Amin(P). The proof is completed.

A2. Proof of Theorem 3.2

Proof: Defining X = P~! and separating p,. with p,
—al and aI, then from (A1.2), we can get

PBS,.K

5 Oax1 0 8—al 0

X(g) + JEiBP.K [ s — o 1><[2(n—1)2+2]}
02(n—1)2><1

0

Ss —al + [KT_aCBTP 014 \/WKTﬁacBT 01><2(;'171)Z ]

0[2(n—1)2+4] x1

_ 0351
PB§,.K - _
0, [om 5, —al 0LX2<H>2] 4|8 —al
fa(n=1) 451 02[(n—1)2+1]><1
PBEG]CK PBﬁacK
[KT7 BT o ] O4x1 ¥ 0451
2 <
Pac 1x[2(n—1)"+5] \/mp—acK \/mP_aCK
0[2(n—1)2+2]><l O[Z(n—l)2+2]><1
K T 0 ’
4|8 —al X 1|8, —al
_O[Z(n—l)z+4]><1 ] 0[2(n—1)z+4]x1
[pBS, K |_[PBS.K
+ X
_O[Z(n—l)z+5]><1 ] 0[2(n—1)2+5]><1
-03X1 ] 03x1 '
4|8 —al X1 8 —al , (A2.1)
_02[(n71)z+1]><1 ] 02[(n71)2+1]><1

where X(g) is derived from Z(g)(g = 1, 2) by replacing
PBp, Kp; ESKTﬁaCBTP’ V TMBﬁacKﬁsand \% TMESKTﬁaC

BT by aPBp, K, aK'p,B'P, «ay/tyBp, Kand
o\ /TuKTp, BT, respectively.
_ n—1 0[6+(n—1)2+(i—1)(n—1)]><1] R
Z(g)"‘z Gii [01X3 L lez[(n—l)zﬂ]]
=1 O(n—1-i)(n—1)x1
01x3
L? [01><[6+(n—1)2+(i—1)(n—1)] Cj{ le(n,l,,»)(n,l)]
0

1x2[(n—1)*+1]

w1 | | Or-1)n-1)x1]
2
+Z Cj' |:O Ls le[4+2(n71)2]i|
=1 Om-1)(2n—2-i)x1
0
+| L [le[sw—l)(nfm Gi °1x[z<n—1>lff<n—1>]]

0[4+2(n—1)2] x1

_ i1 | | Ofot(nm1)+(i=1)(n—1)]x1]
<(g)+ Z Gii

=1 O(n—1—i)(n—1)x1

T
064 (n—1)2+(i=1) (n-1)] x1]
x| G
On—1-1)(n-1)x1
O1x3 01x3 !
L XL }
01><2[(n71)2+1] 01><2[(n71)2+1]
T
w1 || Q61 (n-1)x1] Ofs+-(i-1)(n—1)x1]
=1 On—1)(2n—2-i)x1 O(n—1)(2n—2-i)x1
0 0 T
+ | L2 X 1| L2 , (A2.2)

O[4+2(n—1)2]><1 0[4+2(n—1)2]><1

wheref(g) is derived from £(g)(g = 1, 2) by deleting B
L! KT’ and its transposes from the last (n—1)* columns
and rows, and

BLLK
Gi = v Wi

BL''K

Combining (Al.2, A2.1, A2.2) and applying Schur
complement, we can get

[ r T 0 0 O O]
Oy +Ir+T" =5, Jtmd 0 Oys 0 0 0 0
* —R 0 0 0
* * —PR7'P 0 O35 0 0 0 0
* * * By 0 B4 0 0 0
* * * * O 0 ®s; 0 0 <0,
* * * * * B¢ 0 0 0
* * * * x4 0, 0 0
* * * * - " O 0
_* * * * o, . . O, |
(A2.3)
where ®,; =
[PA+A"P+Q aPBS,K 0  aPBS,K |
n—1
* >ouAehari oo
i
* * —Q 0 ’
n—1 T
0 )




A=[PA «\/TyPBp, K 0 a\/TyPBp, K],

PBS,.KX PB§,.KX 0 0
@ — 0 0 S;—al 0
S 0 0 0 :
0 0 0 8 —al
0 0 0 0
Ll Lnfl 0 0
Opg=1|7° 05 , 01 = 0 0
0 0 le .. Lan

@35:[1/TMB,5aCKX 0 0 0],

04 = diag{—PR'PR,...,—PR'P},

2(n—1)>
@55 = dlag{—X, —X, —X, —X},
Oy = [/A\lfA\Z"‘/A\n—J,
~ ~T T
A= [le(i—l)(n—l) XG; O(n—l—i)(n—l)xl} ,

®57 = |:A1 AZ‘ : 'An—1:|>Ai = Ai)

®66 = @77 = ®88 = @99 = dlag{*)(7 ey —X }
N e’

(n—1y?
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Since (R— ¢ 'P)R"}(R— ¢ 'P) > 0, we have
—PR™'P < —26P +&’R. (A2.4)

Substituting —PR™'P and —2¢P + ¢°R into (A2.3),
we get

i T T 0 0 O O]
O, +T+T" =5, JrmA 0 05 0 0 0 0
% “R 0 0 o0
® * —2¢P+ &R 0 O35 0 0 0 0
* * * @44 0 Y 0 0
* * * * Os5 0 Os; 0 0 <0,
* * * * x* O 0 0 0
* * * * * * @77 0 0
* * * * o % O 0
_* * * * * N B . O |
(A2.5)
where 044 = diag{—2¢P + ¢’R, ..., —2¢P + &’R }.
2(n—1)*

Multiplying ~ both  sides of  (A25) by
. . A n—1
diag{X,...,X,I,...,I}, and denoting ) = X[}
2(n—1)*46
ED2(LHTQLX, Q=XQX, R=XRX N =XNX,
M = XMX and Y = KX. Then Equation (24) can be
obtained, which completes the proof.
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