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ABSTRACT This paper investigates the vehicular platoon control problem subject to variable
communication delays, packets disorder, access constraints and resource constraints in vehicular and hoc
networks (VANETS). Using a novel representation of the network delays as an uncertain variable belonging
to the different bounded intervals, the discrete-time variable sampling interval platoon model is established
with communication constraints. An event-based control and scheduling (EBCS) codesign strategy that can
robustly stabilize the platoon system is given. Based on this model and a guaranteed performance cost
function, the aforementioned problem is formulated as an LMI optimization problem, which can guarantee
the Global Uniform Practical Stability (GUPS). A numerous simulation and experiments with laboratory
scale Arduino cars show the efficiency and practicability of the proposed methods.

INDEX TERMS Platoon control system, variable communication delays, packets disorder, access

constraints, event-based control.

I. INTRODUCTION

The past decade has witnessed a considerable increase of
the number of cars in many metropolises, especially in
china, while causing huge traffic block and air contamination,
the increasing traffic accidents will also bring economic
losses and casualties. An effective solution to the above
problem is to increase road capacity by making cars in
the same lane to run in a string (called vehicle platoon)
with a very small spacing. With the quick development
and deployment of unmanned vehicles and vehicular ad hoc
networks, autonomous cooperative cruise control of vehicles
via VANETs has become an important research topic in
the field of intelligent vehicle highway systems (IVHSs)
or automated highway vehicle systems (AHVS) [1]-[3].
Zhai et al. [4] has proposed a cooperative optimal power
split method for a group of intelligent electric vehicles
travelling on a highway with varying slopes. The use
of VANETS is believed to play an important role, as it
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involves vehicle-to-vehicle (V2V) [5], [6] and/or vehicle-to-
infrastructure (V2I) coordinated communications into vehic-
ular cooperative control systems as an intrinsic component
that is very flexible and efficient.

As a special type of wireless communication network,
VANETSs are faced with several challenges. For instance,
due to fast moving of vehicles, the connection time
in the VANETs is usually very short. Also, the quick
varying environment makes the wireless channels in the
VANETSs dynamic and noisy, which may result in unreliable
transmissions with delay and packet disordering. Another
important issue is the capacity limitation of VANETS, which
may become a serious problem when there are lots of cars
in a road segment (e.g., in traffic jam areas in rush hours)
awaiting for network access. When the cars are large in
number, they cannot be accommodated simultaneously in
the VANETSs for information communications, which is
known as network access constraint. One cannot achieve
satisfactory cooperative cruise control without effective
ways to coordinate the communications for large number
of cars.
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There are a few research have shown that vehicular
platoon control subject to communication limitations in the
literature. The impact of the communication delay on platoon
control and string stability was investigated in [7]-[9].
Guo and Yue [10], [11] considered the influence of time-
varying transmission delays on platoon control and suggested
a guaranteed cost control strategy. In [12], the authors pro-
posed an ecological cooperative adaptive cruise control(Eco-
CACQC) strategy for a heterogeneous platoon of heavy-duty
vehicles with time delays and improved the fuel economy
of heterogeneous platoon. In [13], a cooperative adaptive
cruise control (CACC) method was presented in a networked
control system framework to deal with the influence of time-
varying communication delays. For the issue of medium
access constraint or network resource constraint, a control
and scheduling co-deign method for vehicular platoons was
proposed in Guo and Wen [14], which can effectively resolve
network access constraint by scheduling some cars to await
while a number of selected cars are accessing the network
to exchange information. Zhang er al. [15] proposed a
centralized vehicle networks scheduling protocol based on
TDMA. In [16], authors proposed a switched control strategy
of heterogeneous vehicle platoon for multiple objectives
with nonlinear dynamics and unidirectional information
communication topologies.

It is worth noting that, research in VANETs-based
vehicular cooperative control is still in a primary stage.
Attentions have only been paid to fundamental issues like
transmission delays, packet dropouts and medium access
constraint. A systematic design method for vehicular platoon
control that can deal with these communication challenges
more effectively in a common framework is far more
significant. One important shortcoming in the existing results
is that the issue of packet disordering is ignored in the
communication scheduling method, because it is rather
difficult to deal with packet disordering in the time-based
scheduling strategy. In [17], authors proposed an event-based
control and scheduling codesign strategy for platoon system
with communication constraints. In this paper, we want
to investigate and research the feasibility of performing
communication allocation for cooperative vehicular control
by using an event-based strategy rather than the time-based
scheduling method.

The aim of this paper is to present an event based control
and scheduling method for vehicular cooperative control sys-
tems, which take into account the joint effect of time-varying
delay, packet disordering and medium access constraint in
a same framework. We developed event-based control and
scheduling co-design method can robustly stabilize each of
the vehicles and achieve practical vehicular platoon stability
with guaranteed performance. Our contributions are different
from previous works, mainly reflected in the following
aspects:

i). Novel model of vehicle platoon dynamics: In modeling
the vehicle platoon control problem, we take into account
the VANETS induced issues like network access constraint,
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FIGURE 1. A platoon of autonomous vehicles.

transmission delay and packet disordering. The transmission
delay is assumed to be indeterminate, and take values in a
finite set. The platoon dynamics is described a state space
equation form with variable sampling interval, which is to be
determined according to the transmission delay.

ii). Event-based control and scheduling collaborative
design: Time-based strategies are prone to unnecessary
information transmission in the case when state variation
is relatively small. An event-based control and scheduling
collaborative design method is proposed for the vehicular
platoon control problem. The event triggering mechanism is
involved in the codesign procedure of the controller and the
scheduler, which is solved by formulating an optimization
problem based on matrix inequalities. The resulted method
can achieve uniform practical platoon stability with guaran-
teed control performance.

The remainder of this article is arranged as follows.
In section II, the discrete-time model of vehicle dynamics
and the vehicle-following control objective is presented.
In section III, the event-based control and scheduling col-
laborative design strategy is given and the LMI optimization
problem is proposed. In section IV, the numerical MATLAB
simulation and experiments with Arduino cars are carried
out. Section V summarizes the main conclusions and next
research topic.

Il. PROBLEM FORMULATION

Consider a string of n + 1 vehicles Q@ = {Q;,i =
0,1,2,...,n}driving on alevel road in VANET environment
(see in Fig. 1). The vehicles in the platoon are assumed
to be equipped with wireless communication functionality
and various on-board sensors (e.g., radar and velocimetry).
Every vehicle can communicate information with some
other vehicles. For platoon control, there are generally three
types of strategies for information exchange: forerunner-
follower strategy, leader-forerunner-follower strategy, and
communications among a number of neighboring vehicles.
In this paper, we will adopt the predecessor-follower strategy,
i.e. each following vehicle can only receive information
from its direct previous vehicle. The status information
(acceleration and velocity) of the preceding vehicle is
transmitted to the follower via the wireless network. The
distance between two consecutive vehicles is measured by an
on-board sensor.

A. MODELING OF VEHICLE AND PLATOON DYNAMICS
Define the distance error between
vehicles as

two consecutive

&) =qi1() — i) — L — €,

l<i<n (1)
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FIGURE 2. EBCS processing mechanism of vehicle i.

where g; and L is the i-th vehicle’s location and length,
respectively, ef, is a given minimum vehicle spacing,
1 < i < n. The dynamics of vehicle i can be represented
by the following differential equations [18], [19]:

gi(t) = vi(1)

vi(t) = a;i(t)

ai(t) = _lai(t) + lui(t) ()
n n

Note that the simplification of the system model (2) by
excluding from the vehicle dynamics some characteristic
parameters (e.g., the mechanical drag, the mass, and the air
resistance). Among them, v; denote the i-th vehicle’s velocity
and the a; define the i-th vehicle’s acceleration; 7 indicates the
engine time constant, u; is the input to be designed, which is
given in the following form

ui(k)=kj'el (k) + k} (vi—1 (k) = vi(k)) + kf*(@i-1(k) — ai(k))
3)

where kl.q and k! = [k}, kl.“]T are the controller gain to be
determined.

B. EVENT-TRIGGERED TRANSMISSION MECHANISM AND
THE COMMUNICATION DELAY
In spired by [20], we construct an event-based information
transmission mechanism and system for each vehicle i as
shown in Fig. 2. The specific details of the transmission
mechanism are explained as follows. Vehicle i measures its
state (i.e., spacing error ] (k) and o; (k)" = [v;(k), a;i(k)]) by
on-board sensors at sampling instant #z, k = 0, 1,2, .... The
states are saved with a time stamp k at the corresponding data
packet generators (DPG), respectively. Here, for i = 0, op(k)
denotes the vehicle speed and acceleration information of the
leader vehicle. At a sampling time, whether vehicle i sends
its velocity and acceleration information o;(k) to its follower
vehicle i + 1 or not is dependent on the status of an event
generator.

The transmission delays of all vehicles are assumed to
be the same tx, which takes values in a partitioned finite
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set. Namely, 7, € S, where § = {[ga(k), Ta()), alk) €
M ={1,2,...,M}}. Here, the lower bounds 7, and upper
bounds T () are assumed to be known, but the index a(k) is
not known. Such modeling of the input delay is motivated
by the fact that the actual communication time may vary
considerably due to the changes in network load, causes the
possibility of jumping from one bounded interval to another
interval.

Considering the transmission delay, the control law in (3)
for vehicle i becomes as follows,

ui(k) = kilel (k) + k! (vie1(k — ) — vitk — 7))
+ki'(ai—1(k — ) — aitk — 7). (4)

C. MEDIUM ACCESS CONSTRAINT

Due to a finite number of resources, a local event generator
monitoring an event-triggering condition o;(k) is assigned to
each vehicle €2;.The event generator determines the necessity
of transmitting new status information. The n following
vehicles share n wireless channels to receive the velocity
and acceleration for the directly vehicle in front of them,
as shown in Fig. 1. Furthermore, we assume that at most
one wireless channel can be transmitted to the corresponding
vehicle at a time. At time instant #;, an event-based scheduler
jky € J = {0,1,2,...,n} is introduced to decide
which communication channel to be executed. Note that
the scheduler has the output j(k) = 0 if all of the event
generators decide that it is not necessary to transmit the state
information at the instantaneous #;. Under the circumstances,
the communication network can be used for other non-
communication tasks or be idle. Once an event has been
generated and a wireless channel has been made by the
scheduler, the received information of the vehicle Q) is
updated at that moment #; + t;.For the other vehicles
Q; # Qjx), the last information received will be kept until
the new one is delivered.

Moreover, the data packets at different instant time k
may experience different communication delays, it may
lead to the packet disorder. Therefore, introduce variable
sampling interval h(k) to overcome the combined effects of
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FIGURE 3. The time sequence diagram for three vehicles and three input
delay bounded intervals.

time-varying delay and disorder. (k) is determined based on
the time-varying delay, described as

TR A N

hay =Tay I Tk € [Top) Tak)]

where the parameter Ay is to be designed. On account of Ty ),
a(k) € M is different for each bounded interval, the sampling
interval is time-varying and not smaller than the actual input
delay.

Remark 1: In Fig. 3, the control vector uj()(k) is updated
at fx + T, but it is not essential due to the uncertain input
delay. Moreover, the sampling interval h(k) is variable by
reason of different communication delays. Note that no event
is generated at time instant 7, so the event-based scheduler
selects non-communication tasks or be idle. It means that the
control vector uj()(k) is not updated and is keep until a new
event is delivered.

In order to integrate the discrete access constraints of
the discrete medium into the differential equations (3) and
due to the implementation of digitization of the networked
control of the platoon system, the dynamics of vehicle (3)
will be discretized over the sampling interval #; < ¢ < tx4]
using zero order hold (ZOH) in the following. On account
of the medium access restrictions, where in the sampling
interval one vehicle at most can interact with communication
network, the following two cases can be used to distinguish
during the discretization process:

i). The vehicle €2; doesn’t access the network channel,
where the event-based scheduler j(k) # i. Hence, the control
input signal is not renovate within the sampling interval, i.e.

uitk — ) = ui(tp—1), tx <t < gy
ii). The vehicle €2; accesses the network channel, where
the event-based scheduler j(k) = i. Hence, the control input
signal is renovate within the sampling interval, i.e.
h <t<tf+n
e+ T <t <fryl

ui(te—1),
u;i(te),

This distinction is contained in the resulting discrete-time
model via a two-valued variable

s _ori=iw
YO0, i i

uitk — o) = {
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By combining the dynamics of the vehicle (1) and (3),
the state errors equation of the following vehicles can be
expressed as

(6)

éci(t) = Aeci(t) + B —B] [Mi—l(l)]

u;(t)
where

eci(t) = [, ¢!, e,

i i

0 1 0 0
A=|0 O 1 , B= o |,
0 0 —1/gy 1/n

An augmented discrete-time state errors equation corre-
sponding to equation (6) can be written in the form

eitk + 1) = TS0 ()eiCk)

) 2@ o®  —ED W) T [ w1k o
0 Sijoyr ui(k)

etk = (et uf e~ 1)
%) (k) = [®i<ha<k)> Ailhat) = Ailhag) = iua] ’

where

iijk 0 (1 = 8 ja)I
—~a(k :
BN (K) = Ailhagey — ),

he = 8ijooytie + (1 — 8 jio)hah)
t
Oi(t) = M and A1) = / O;(s)dsB.
0

This representation is used from a time-delay systems put
forward in [21, Sec. 2.3]. Hence, the entire platoon system at
time instants #; can be written as

etk + 1) = TG (R)e(k) + Eji ut) ®

with e(k), u(k), T k), and B, as shown at the bottom
of the next page.

Remark 2: Note that H}'E,((lg) (k) and E;Zg;)(k) are a nonlinear
representation due to the uncertain time-varying delay t,
leading to a class of uncertain discrete-time switched linear
platoon model with non-convex uncertainty set. The above
mentioned model is not general in robust control theory.
Hence, we need link play the role of a bridge to application
of the robust control for the platoon system, which is
a polytypic uncertainty to approximate the possibly non-
convex uncertainty. Through the above process, we can uti-
lize parameter-dependent Lyapunov functions to implement
LMI-based collaborative design methods.

The Taylor series expansion method is often used to
obtain the uncertainty of convex polytypic. Here, obviously,
it is important to note that the over-approximation is only
requested if 8; k) = 1, ie. j(k) = i Otherwise,
no approximation is requested due to the platoon model (7)
was not affected by the uncertain parameter .

For §; jiky = 1, the input time-varying delay 7 € S results
in the matrix A;(hqk) — T ) in a nonlinear with a non-convex
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uncertainty set. First, a convex polytypic uncertainty set is
extracted by Taylor series consists in expanding the matrix
exponential included in the matrix A;(hyx) — ). Then, the
Taylor series are divided into an approximation section and a
remainder section

A(Dy) =

1
= AW L)+ AN, L) ©)

where ¥y = hgx) — T is the uncertain parameter, L
is the order of the matrix polynomial Ai(ﬂk, L) with the
tuning parameter to be designed. Note that the higher the
chosen order L, the tighter generally the resulting polytopic
uncertainty, but the codesign is more complexity. The
matrix polynomial Ai(9, L) can be surrounded by a convex
polyhedrons [19 Prop, 2], so

L+1

AW, L) = Z @O gy Vi)
=1

(10)

where ¢;(¥%) and [\ﬂ(ga(k),ﬁa(k)) is a non-negative real
scalars with ZIL:JT 1(Px) = 1 and polytope, respectively.
By combining (7), (9) and (10), a discrete-time vehicle model
with polytopic and additive norm-bounded uncertainty is

written in the form
L+1

ek +1) = (Z ;z(ﬁkmff}f;),) (k)ei(k)

=1

L+1 L+l
ma(k) gk
" ([Z JCRIRIEDS gl(ﬁk)di’j(k)l}
=1 =1

ma®) o malk) ‘
i S 1,jk) S i-1(K) (11)
0 0 ui(k)
where
ek _ [ ©i(ha)) Ai(ha(k))—IA\il@a(kr%(k))}
T I (1 = i je))I ’
at)y _ [0 =AADLL)| ok patk) ~ax(k)
AT =1 o 0 = DijaoFijar Gijo
(k) A 5
C‘?fj(k)l = Ail(ﬁa(k)» Dak),

ce) _ an _atk) pak) ~bak)
Sty = A8k, L) = Dy jooyFi iy Gi oy

a(k) o
at)y _ [ Vi ak) _ [ alk) '
Dijuy = ( “{)(k)) > Fijw = (Vi,j(k)) ANk, L),

ijj‘(%) =(0-1), ij‘j?(%) = (0-1)

. k . k
with |AA;(Ox, L), < yi(j;((k)), ensuring )Fla]((k)) ”2 <1.

The discrete-time platoon system (switched polytopic
system) with additive norm-bounded uncertainty can be
written as

L+1
ek + 1) = (Z ;,(0@1'1}'2,2’33 + AH}'EQ?) e(k)
=1

L+1
—~a(k —~a(k
+ (Z LB + Aaﬁz))) u(k) (12)
=1

T
e(k) = (e{(k), L. ... eij(k)) ,

T
uk) = (] (), uf ), ...y k)

~ k)
Hl,j(k) 0 . 0
a(k)
mywo = 0 Ty
o
i oa(k) 0 TR
— 81 ) 0
81,k 0
—~a(k) —~a(k)
S,k =2,k
g2k _ 0 82,jk) B
7y . (k) —a(k)
=2,k B3,k
: - 83.,j(k)
)
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where the matrices TT%%). ATT?®) and =¢%) AE}'E,((];) are

. Jr J(k) JI
constructed as in (8).
In the next moment, a discrete-time event-triggering law
monitors the state of vehicle,

oi(k) = e (k)Ruiei(k) — ef (k — DRyeik — 1) >k (13)

where Ry; and Ry; are positive symmetric matrix. The design
parameter k > 0 is sufficiently small. So, we can construct
the scheduler implementing for the platoon system that
implement an event-based switch law

0 if 0i <k

arg max oj(k)
i=1,2,...N

Jk) = (14)

otherwise

According to (4) and the event-based scheduling, the state
feedback control law for vehicle i can be written as

ui(k) = ki joyei(k) (15)

Substituting (13) into (12), the closed-loop switched
platoon system with additive norm and bounded uncertainty
is described as

L+1
~ ok ~ o (k
elk +1) = (Z a0 + AH}{,‘{Q) e(k)
I=1
k
= wie(k) (16)
where
~a(k) a(k) :qu(k) )
Wiy = Mgy + EjgenKidh)-
sok) a(k) ’:“"(k) )
Alljgy = Alljgy + ABjgy Kj,

Kiqy = diag(ky joy, k2 jkys - - - » kv jk))-

D. THE VEHICLE FOLLOWING OBJECTIVE
The purpose of this research is to design a switched control
law for the platoon system so that all vehicles can obtain a
desired distance between two consecutive vehicles, and the
following criteria needs to meet:

i).Internal stability: The entire closed-loop platoon system
(16) with guaranteed performance (18) is a global uniform
practical stability (GUPS).

The continuous-time guaranteed performance index of the
vehicle i

[ ety \ (Mi O eci(t)
Ji‘/() (u,-a—rk)) (0 Hc,-) (ui(t—rk))d’

7)

We need to discretize (17) for a time-vary sampling interval
hy (k) and input delay i

T (k) (k)

7 i ei(k) Mﬁ] Mflzi,j(k) ei(k)

i =

o \uitk) x My ) \wik)
Details of the discretization process and the weighting
matrices M fll.(;{), M ;xz(lk ]) M;i(;{) were defined in [20]. Hence,

166228

the guaranteed performance index of the entire platoon
system is written as

N o] T
_ o e(k) ak)  e(k)
1=Ya=2 () e (o)

i=1 k=0
o

=Y T (M e(k) (18)
k=0

where

T
- () ()
Jk) Kj) 10\ Kk

ii). Steady-state performance: For arbitrary switching
sequence «(k), a robust cooperative design method can make
the spacing error e;.(t) approaches to zero for all following
vehicles.

lIl. EVENT-BASED SCHEDULING CONTROL CO-DESIGN
In this previous section, in spired by the work in [20], the
event-based control (15) and scheduling (14) cooperative
design problem of the platoon system (16) with guaranteed
performance (18) can be expressed as

Problem 1: For the closed-loop switched platoon sys-
tem (16) find the event-based scheduler (14) and the control
law (15) of entire following vehicles, so that the guaranteed
performance cost function (18) is robustly minimized under
entire bounded delay intervals sequences t; € S, i.e.

M(Ig}}jy(lk) rtrklzeus( J subject to (14) and (16) 19)

Remark 3: The closed-loop platoon system model (16)
has included the variable delays and access restrictions.
The resource constraints are contained in the scheduler (14)
into the optimization problem (19). It is well known
that Problem 1 is a computationally intractable Minimum-
Maximum optimization problem [24]. Hence, we can obtain
an upper bound about objective function (19) by the following
tractable optimization problem.

First, we provide the following definition and lemma,
which will play an essential role in the main results.

Definition 1: The closed loop switched platoon system (16)
is GUPS, if there exist a positive matrix P and a sufficiently
small & > 0 such that

klim el (k)Pe(k) < €.

Lemma 1: On the basis of the event scheduler (14), the
augmented error state vector e(k) = (e’ (k) e’ (k — 1))T is
divided into several regions, and each region is expressed by
a quadratic form

Qi = {e(b)le” ()Rjaye(k) = —Mic} (20)

with the partitioning matrix i?j(k) = diag(i?lj(k), —sz(k)) The
combination of all regions £2;) covers the entire error state
space.
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Proof: For j(k) # 0, where at least one vehicle is active
at sampling instant #, so

ojik) = oi(k), i # jk)
Hence,
e’ (k)diag(0, ..., Rijay, —Rii, - - ., 0)e(k)
> e’ (k = Ddiag(0, ..., Roju, —Rais .., 0)e(k — 1)
2D

We can obtain (20) by summing up (21) with the block-
diagonal matrices

le(k) = diag (_Rlla ey (N — l)le(k), N
Rojy = diag (—Rzl, ooy (N = DR2jrys - - -

., —R1y)
., —Rav)

For j(k) # J, no region exists. So, the combined () of
all regions covers the whole error state space.
The proof is completed.
Theorem 1: The closed-loop switched platoon system (16)
is GUPS if
AV(k) < —e" ()M etk) — T ORjpek)  (22)

J
holds.
Proof: Define a parameter-dependent Lyapunov func-
tion for platoon system (16)

V(k) = el (k) T1awyelk) + e’ (k — DTigqe(k — 1) (23)

where Tig) and Tru) are positive Lyapunov matrices.
Hence, the difference of V(k) along the trajectories of
switched platoon system (16)

AV(k) = V(k 4+ 1) = V(k)
= T (AT Vek) — e (k — DTayetk — 1)
(24)

where
T
k+1 k k
AT;‘((,()Jr )= (‘I’fé,i))) T1a<k+1>\IJ,‘-}‘,E)) = Tawk) + Toak+1)-

Through the lemma 1, if (22) holds, AV (k) is satisfied

AV (k) < —e ()M e(k) + N (25)
Define e, = {e(k)|e? (k)M ]ff,ﬁ’;)e(k) < Nk}

For e(k) ¢ e., AV(k) < 0 is guaranteed. Therefore, the
closed-loop platoon system in this region is asymptotically
stable.

For e(k) € e;, AV(k) < 0 is not generally guaranteed.
Therefore, let the set e; C e¢ so as to the GUPS conclusion
in this region will converge to e, and stay here all the time.

Then, the guaranteed performance index (18) of the entire
platoon system (16) partitioned into two parts

K [e’s)
J:Zer(k)M]%E])‘)e(k)+ > eT(k)M;Z,E’;)e(k) (26)
k=0 k=K+1
Ji Jo
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where J; is the cost of the initial state e(0) to the set e,. Jp
is the cost of the platoon system dynamics inside the set e.
Summing up (21) overk =0,1,..., K

max J; < V(0) — ZszosT(k)Rj(k)e(k)
< €T (0)T14(0)e(0)
< tr(Tha0)e” (0)e(0)) 27)

An upper bound on the J; is giving. Where #7(-) is the trace.
But J, is unbounded due to the asymptotic stability is not
generally guaranteed in the set e,. Then, we need to ignore
Jo to analyze the stability of the platoon system. The upper
bound (27) is a new constraints into the problem (19). So,
the codesign problem 1 needs to transform into the following
problem.

Problem 2: for the closed-loop switch platoon system (16)
find the event-based scheduling (14) for network communica-
tion channel and the control law (15) such that for all possible
input delay sequences of 7 € S, the cost of J; (27) is robustly
minimized.

min tr(T 1a(0))eT(O)e(0) subject to (22) (28)
u(k),jk)

Here, the problem 2 can be solved equivalently as a
tractable LMI optimization problem based on following
lemma 2.

Lemma 2 [25, Lemma 1]: Given suitable dimensioned
constant matrices N, M and L, with uncertain matrix F
satisfying ||F'||, < 1, then

N+MFL+LTFTMT >0

holds, when and only when there exists a positive real scalar
& > 0, satisfying

N —eMMT — ¢ 'LTL > 0.

Hence, the LMI optimization problem can be expressed as
Theorem 2: The problem 2 can be solved through the
following LMI optimization problem (29), as shown at the
bottom of the next page, where
As=H+HT —T;O}(k) ~HTR\juyH — HT Toger1yH
< H'T1oquH — H' RyjuyH — H' Toger1yH

Proof: The proof consists of two parts: i). The closed-
loop switched platoon system is robustly GUPS; ii). The
guaranteed performance index (27) is minimized for all
possible input delay sequences of 7 € S.

1). Firstly, theorem 1 has given the robustly GUSP
condition (22) of the closed-loop switched platoon, by (22),
(24) and Schur complement, the stability condition (22) is
equivalent to

Ay * *
a(k) —1
Vi T+ * >0 (30
0 0 Tow k) + Roj)
here Ay = Tig) — Rijgy — MO — T
where Aj la(k) 1j(k) (k) 2a(k+1)-
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By (16), inequality (30) is equivalent to

A] * %

(k) = (k) 1

Wigey + Ay Tiggn * >0 (31)
0 0 Tou k) + Rojik)

Then, by (11) and lemma 2, inequality (31) is equivalent to

As atat y (k) (Mot(k)>T

T ojol Jk) Jk)
- () () Ly -0 6
where
A * *
M= (MG +EK® Tragey % | >0
0 0 Toak) +Roj)

") o\ o\
ak) o
Mg —(0’ (Dj(k>) ’0> ;
a(k) _ ac (k) ba(k) 1~
L = (61" + 6 Kiw. 0.0).

Applying Schur complement, inequality (32) is equivalent to

A1 * * *
alk) | madk) g
Wy + BjgyKidy A3 * " »
aa(k) boc(k) Ol(k)a
Giwy +Gjgy Kiwy 0 &gy 1 .
0 0 0 T2a(k) + R2j(k)

(33)
where
_ p—1 a(k)at ~a(k) a (k) r
A3 = Pryay ~ g Dia (Djac)) > 0.

Hence, pre- and post-multiplying the LMI (33) by
diag(HT ,1,1,1,HT), We can obtain (29¢) with the full rank
H = diag(Hy, ..., Hy), and its inverse always exists [26].

Due to A4 > 0, so

H+H" > _T]_ozl(O) — HTRL/(())H —HTTza(l)H >0 (34)

The inequality (34) implies the inequality (29b) is estab-
lished.

ii). It is generally know that #r(-) is the sum of the eigenval-
ues, and logdet(-) is the sum of the logarithmzed eigenvalues.

Due to e’ (0)e(0) is constant, we use logdet(Tiq0) =
—log det(Tfal(O)) as the guaranteed performance index (27).
The proof is completed.

IV. SIMULATIONS AND EXPERIMENTS

A. NUMERICAL EXAMPLE

Firstly, a numerical example proved the efficiency of
the proposed event-based control and scheduling codesign
strategy of six-vehicle platoon.

In the MATLAB simulation, we take into account four
vehicles running a horizontal road. Without losing universal-
ity, the initial velocity of leader vehicle is 0, the acceleration
for the leader vehicle is described as

2 m/s> 0<t<5
ay=14 —2m/s*> 5<t<7 (35)
0 others

It is supposed that the uncertain time-varying communication
delay 7 € S = {[0.1, 1], [1.5, 2], [2.1, 2.5]} ms. The length
of vehicle L = 5m and the desired vehicle spacing e’; = 4m.
The engine time constant = 0.2. The weighting matrices
of guaranteed performance index (17) of vehicle i are
M,.; = diag(1000, 0.1) and H.; = 0.01.

Based on the given platoon parameters and communica-
tion delay parameters, the parameters of the discrete-time
switched platoon system (11) is obtained. Then, the LMI opti-
mization problem (29) with the chosen parameters are settled
via the MATLAB toolbox YALMIP [27] with the SeDuMi
solver [28]. By solving of the LMI optimization problem (29),
an event-based control and scheduling collaborative design
control gain Kj) can be obtain as shown in Fig. 4, which
can robustly stabilize the platoon system, can efficient handle
the problems of variable communication delays, packets
disorder, access constraints and resource constraint for the
networked platoon system.

In Fig. 5, shows the tracking distance error response of the
5 following vehicles. The Fig. 5 indicates that the codesign
controller can robustly stabilize with communication con-
strain, and the inter-vehicle spacing error e’f , eg, e’;, eﬁ, el;
satisfy the performance requirements. The Fig. 6, 7 and 8
show the acceleration, positon and velocity response of the

Ay * *
a®) gy | ma(h)
Hj(k)lH + "‘j(k)lKJ(k)H A3 *
ao(k) bo(k) a(k)at
Gjy H + Gy 'KjoH 0 &gy
1
O\ 2 H
() <Kj<k)H ) ° °
0 0 0

166230

1

min — log det (lej(o)) >0 (29a)

—1 T7 T

—T\40) —H RijoH —H" Tro(yH > 0 (29b)
* *
* *
* * >0 (29¢)
1 *
0 HTTza(k)H + HTRQj(k)H
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0 5 t/s 15 20
FIGURE 4. The scheduling sequence j (k).

10 15 20
t/s

FIGURE 6. The acceleration response of 6 vehicles.

following vehicle with the leader vehicle to accelerate or slow
down, respectively.

B. EXPERIMENT WITH ARDUINO CARS

The experiment with four Arduino cars (in Fig. 9) shows
the practicability of the proposed event-based control and
scheduling codesign strategy. The Arduino car is driven and
steered by two nose wheel. The spacing distance between
two consecutive vehicles is measured by two infrared sensors,
the actual spacing distance employ the averaged value
of two sensors. Hence, Detect the longitudinal speed and
acceleration of the Arduino car through the incremental
encoder sensor installed on the rear wheel axle and the
acceleration sensor installed on the top of the Arduino car,
respectively. The purpose of the cameras mainly keep each

VOLUME 9, 2021
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FIGURE 7. The position of 6 vehicles.

10 [~ |

: d
0 5 10 15 20
t/s

=}
I\

FIGURE 8. The velocity response of 6 vehicles.

Camera

Front infrared sensor
to: measure vehicle
spacing

FIGURE 9. Arduino Car.

car traveling a straight line. In each car, an Arduino processor
can perform the real-time calculation and control task.

The vehicles for the network control of the platoon system
(in Fig. 10) communicate via wireless module APC220,
whose transmission distance is 1000 meters and operating
frequency is 418 MHz to 455MHz. The experiment adopts the
single-packet transmission strategy. In the platoon, the leader
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FIGURE 12. The velocity of the following Arduino cars.

vehicle 0 needs to send the velocity and acceleration pack
data packet op(k) to vehicle 1. Similarly, the vehicle 1 and 2
also send the o1 (k) and o> (k) to the following vehicle 2 and 3,
respectively.

The 4 vehicles share 3 wireless channels, but the access
constraints and resource constraint are inevitable. At most
one wireless channel can be transmitted to the corresponding
vehicle at a time. In the experiments, suppose the leader
vehicle 0 is driving on a horizontal road with 20 ¢m/s and
accelerate at the time instantaneous of 2 and decelerate at

166232

the time instantaneous of 5. The expected distance between
two consecutive vehicles ef = 15 c¢m. In the Fig. 11 and 12,
the spacing error and velocity response of the four vehicles is
shown, which the vehicular platoon control in the vehicular
ad hoc networks is subject to variable communication delays,
packets disorder, access constraints and resource constraint.

V. CONCLUSION

In this article, we have investigated and researched an
event-based control and scheduling codesign strategy for the
platoon system subject to variable communication delay and
packets disorder, access constraints and resource constraints.
The variable communication delay belongs to different
bounded intervals, which results in the variable sampling
interval for the platoon system. The networked of the platoon
system is written as a discrete-time switched platoon system.
Based on the new platoon control modeling, an event-based
control and scheduling (EBCS) collaborative design strategy
that can robustly stabilize the platoon system is given. Global
consistency practical stability with guaranteed performance
is guaranteed via formulating as LMI optimization problems.
A numerous simulation and experiments with laboratory
scale Arduino cars show the effectiveness and practicability
of the proposed methods.

In the future research, the vehicular network with fading
channels will plan to consider. Furthermore, seeking for the
new control and scheduling co-design strategy for vehicular
networks with other communication constrains. For a more
general platoon system, another important issue is to propose
an event-based control and scheduling collaborative design
strategy to deal with physical constraints, i.e. fueling delay
and the throttling/braking delay.
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