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ANALYSIS, SYNTHESIS AND EXPERIMENTS OF NETWORKED
PLATOONS WITH COMMUNICATION CONSTRAINTS

ABSTRACT

This paper investigates the analysis and synthesis of net-
worked vehicle platoons with communication delays, pack-
et dropouts and disorders. In order to deal with the effects
of the communication constraints, we introduce a novel
Smart Data Processor (SDP) for each vehicle, by which the
latest data packets from logic Data Packet Processor and
the matched data packet from its Buffer can be obtained.
Based on this mechanism, a leader-predecessor-follower
control strategy is proposed. In order to guarantee the as-
ymptotic and string stability, the platoon control problem is
transformed into a multi-objective Hoo-type synthesis prob-
lem with the multiple time-varying delays. A sufficient condi-
tion for designing the controller gain is derived by solving a
set of linear matrix inequalities. Numerous simulations and
experiments with laboratory scale Arduino cars show the ef-
ficiency of the proposed methods.
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1. INTRODUCTION

The past several decades have witnessed a consid-
erable increase of highway traffic, so the traffic conges-
tion, air pollution, enormous economic loss and even
numerous casualties have become a series of serious
problems in many metropolises, especially in China.
Obviously, a feasible solution for these problems is to
increase road capacity by maintaining a small inter-ve-
hicle distance. As this would be unsafe for human driv-
ers, autonomous vehicular cooperative control will be
required. The platoons of autonomous vehicles have
attracted extensive interests in intelligent vehicle high-
way systems (IVHS) or automated highway/vehicle
systems (AHVS) due to its potential to largely benefit

the road traffic [1-3]. Up to now, control of platoon of
vehicles has been researched in different aspects and
from different viewpoints [4]. To name just a few, Ba-
rooah [5] introduced a mistuning-based control meth-
od to improve the stability margin of vehicular platoon;
Dunbar and Derek [6] designed a distributed receding
horizon controller and derived sufficient conditions to
ensure string stability; Kianfar [7] performed platoon
control in the real world, among many others.

Since vehicles in a platoon are dynamically cou-
pled by feedback control laws, acting on one vehicle
may inevitably affect others or even amplify as they
propagate upstream along the platoon [8]. Hence, the
problem of string stability or stability of the platoon as
a whole is an important aspect of vehicle platoon con-
trol, which is beyond stabilizing each of the individual
vehicles. However, it is not stringently required in the
case of variable spacing policy without inter-vehicle
communication [9]. Instead, we are interested in the
case of platoon control with constant spacing strategy.

What are the main underlying causes and reme-
dies for string instability problem? Generally speaking,
the disturbances in the system are the main factor.
The lead vehicle acceleration/deceleration is the pri-
mary disturbance existing in the platoon control sys-
tem, but the inter-vehicle communication involved in
vehicle platoon control can often introduce intermedi-
ate uncertainties (such as transmission delays, packet
dropouts and disorders), which may yield string insta-
bility problem or large steady state errors. In recent
years, network communication has developed rapidly.
Information exchange based on network has become
increasingly popular. Emerging technologies in Vehicle
to Vehicle (V2V) [10, 11] and/or Vehicle to Infrastruc-
ture (V2I) wireless communication [12] can drive a pla-
toon control system that is more efficient, more robust
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and less expensive, but also it is almost inevitably ac-
companied by the above three phenomena that may
yield string instability. Compared with the traditional
network communication systems, the control of the
vehicular ad hoc network has several challenges. For
instance, VANETs have the short connection time and
quick variations of the wireless channel in the wireless
vehicular networks due to fast moving vehicles.

Up to date, there have been a few research results
on control of vehicle platoons via communication net-
works in the literature. Zhang [13, 14] studied the in-
fluence of information flow topologies on closed-loop
stability of vehicle platoon with rigid formation and
improved the vehicular platoon with undirected topolo-
gy and asymmetric control by stability margin [15]. To
mention them, the effect of the communication delay
on string stability in a platoon has been investigated in
[16-18]. Guo [19, 20] considered the network commu-
nication with time-varying delays in the platoon control
and structured the Lyapunov framework or the guaran-
teed cost Hoo controller. Ghasemi [21] introduced the
stability and string stability of a predecessor-following
platoon of vehicles with two time delays, i.e., one in
the inter-vehicle distance and the other in the relative
velocity information channels. Hakan [22] formulated
the homogenous platoon operating under the leader
and predecessor following scheme with communica-
tion constraints as a multi-objective Hoo-type synthesis
problem. Oncu [23] designed Cooperative Adaptive
Cruise Control (CACC) based on network perspective
and also presented a network modelling framework in
the platoon system, but the issue of how to design the
controller and handle the effect of time-varying com-
munication delay was not resolved.

In general, the results obtained for platoon control
systems are still very limited in at least the following
two aspects: (1) The existing results are most con-
cerned with the case in which the information avail-
able to a vehicle is homogenous, whereas little at-
tention has been paid to the problem of control with
‘heterogeneous information feedback’, such as par-
tially supplied by an on-board device and partially via
a wireless communication channel. (2) A majority of
results on platoon control with inter-vehicle commu-
nication only consider one aspect of the communica-
tion constraints, whereas the synthesis problems with
simultaneous consideration of the above important
communication issues mentioned previously has been
hardly addressed.

At a deeper level, although the platoon control sys-
tem with communication constraints has been stud-
ied, it still leaves some room for further improvement.
To the best of our knowledge, the platoon control prob-
lem, which considers the synthesis of the time-vary-
ing delays, disorders, dropout and asynchronous data
packets, has been investigated.

The aim of this paper is to address the platoon con-
trol problem with communication delays, disorders,
dropout and asynchronous data packets between
vehicles by structuring a novel Smart Data Processor
(SDP). Under this mechanism each vehicle in the pla-
toon control system can successfully select the latest
data packets of the leader vehicle by using a Logic
Data Packet Processor and the matched ones of its
own from its Buffer. Based on these data packets, a
new state-feedback control law for homogenous pla-
toons is given. Then, the platoon control problem is
transformed into a multi-objective Hoo-type synthesis
problem, which can guarantee asymptotic and string
stability of the platoon and the desired level of robust-
ness against the communication constraints. The con-
tributions of this paper are summarized in the follow-
ing aspects:

1) Compared with [19] and [24], this paper further
considers the more complicated communication
constraints involving communication delays, pack-
et dropouts and disorders. It implies that the meth-
ods used in [19] and [24] may be no longer valid,
especially when the data packet disorders hap-
pens. To deal with this problem, we have developed
a new control strategy by introducing a novel Smart
Data Processor (SDP). Based on this strategy, we
have established a discrete-time closed loop sys-
tem with communication constraints.

2) Unlike the mechanism of [25] and [26], a novel SDP
mechanism is proposed to deal with the asynchro-
nous data packets arising from communication
constraints. By the use of Buffer and Event Trigger,
the matched data packets from both the vehicle
and the leader can be found for control update.

3) We have formulated asymptotical stability and
string stability of the platoon control system as a
multi-objective Hoo-type synthesis problem: By em-
ploying Lyapunov method, a sufficient condition for
controller design is obtained.

The rest of this paper is organized as follows. Sec-
tion 2 presents the vehicle dynamics discrete-time
model and the problem formulation. In Section 3, Hoo-
type performance objectives are given. Section 4 pres-
ents the simulation and experiments with laboratory
scale Arduino cars, showing the effectiveness of the
proposed methods. Section 5 summarizes the main
conclusions.

2. PROBLEM FORMULATION

2.1 Vehicle following objective

Consider n+1 vehicles running on a horizontal road
as depicted in Figure 1, describing a typical homoge-
neous platoon of vehicles equipped with the wireless
communication functionality and on-board sensors
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(e.g. using radar). In many practical cases, a platoon
may be composed of a group of vehicles with the same
type or similar dynamics, e.g. trucks or passenger cars
[14]. Thus, it is reasonable to consider the homoge-
neous platoon in our study. The main objective of each
vehicle is to drive two adjacent vehicles to maintain a
desired distance ef. Define the spacing error between
two consecutive vehicles as

e (k)= qi1(k)-qi(k)-L-€5 1<i<n (1)

where q; is the i-th vehicle’s position and L denotes the
length of vehicle. In other words, the vehicle following
control objective is that the spacing errors eP(k) should
converge to zero.

Wireless,
communication
Radar
ph.
—p - 8-n)) b - o5 )) a—s
| L e | |
a, G i a; 9

Figure 1 - Wireless communication-equipped
homogeneous autonomous vehicle platoon

2.2 Vehicle dynamics model and networked
platoon configuration

Various models for vehicle dynamics have been
used in the platoon system. Here, the vehicular dis-
cretized models given in [24] are used,

qi(k + 1) = qi(k) + Tvi(k) + (7?7 + 5T-7?)ai (k)
+[7? (e + 1)+ T(-+T)]ui(k)

vilk+1)=vi(k)+(7e"" +7)ai(k)+ (2)
+[7(e™-1)+Tlui(k)

ai(k+1)=e""a;i(k)+(-e""+1)u;(k)

where v; and a; denote the i-th vehicle’s velocity and
acceleration, respectively; u; is the external input sig-
nal to be designed; T is the sampling interval; n is the
engine time constant. For the dynamics of the leader
vehicle, we allow that it is different from other vehicles
only in the control law ug(k).

It is well-known that the key technology of platoon
is wireless communication of conveying the informa-
tion about being chain vehicles so that every vehicle
could receive information from some other vehicles.
Generally speaking, there are the following three types
of communication: predecessor-follower strategy,
leader-predecessor-follower strategy, and communi-
cation of all vehicles. This paper adopts leader-prede-
cessor-follower, i.e. the vehicles not only receive the
information of the leader vehicle, but they also receive
the information of its directly preceding vehicle. Here,

the former data are obtained by wireless network, but
the latter are passed through the on-board sensors.

This paper focuses on designing an appropri-
ate control law u; for any 1<i<n such as longjtudinal
control of discrete-time vehicle platoon (Expression 2)
shown in Figure 1 that can be asymptotically achieved
with a desired distance between vehicle i and i-1 and
string stability guaranteed.

Notice that the state information of leader vehicle
such as its position, velocity and acceleration can be
only transmitted to vehicle i via a wireless communica-
tion network. The communication networks are usually
unreliable, so the communication delay, packet drop-
out and disorder may occur during the data packet
transmission. It seriously affects or even destroys the
stability of the platoon system. In order to solve the
above problem, inspired by the work in [25] and [26],
we have structured a novel data packet processing
mechanism for each vehicle i, whose configuration is
shown in Figure 2. The key point of this mechanism is
how to effectively perform the combined processing in
selecting the latest data packet of leader vehicle and
its matched data packets of vehicle i. This mechanism
is explained in detail as follows.

To be specific, firstly, every vehicle i makes its state
packed as a data packet ofk) with the time stamp
k by using the data packet generator (DPG), where
oi(k)=[q,(k),vi(k),aik)], i=1,2,...,n and ou(k) is the
leader vehicle information. At the time instant k, the
leader vehicle needs to send oy(k) to the following ve-
hicle i through a wireless network. On account of the
existence of transmission delay and packet dropout,
vehicle i does not immediately receive the exact infor-
mation of data packet oy(k).

Moreover, since the data packets at different time
instant k may experience different delays for other
following vehicles, it may lead to the packet disorder.
Therefore, a Smart Data Processor (SDP), which con-
sists of a Logic Data Packet Processor (LDPP), a Buffer
and an Event Trigger (ET), is introduced to surmount
the combined effect of time-varying delay, packet
dropout and disorder by successfully completing two
tasks: (1) selecting the latest data packet from the
leader vehicle; (2) picking the data packet of vehicle
i matched with the latest one from the leader vehicle.
The LDPP is composed of a comparator and a storer,
where the comparator is employed to logically compare
the time stamp of the newly arrived packet with the
one already in LDPP to select the newest data packet,
and the storer is used to keep the newest data pack-
et after comparison. Hence, the LDPP can effective-
ly solve the problem of packet disorder. Denote by h¥
the corresponding time of the latest data packet from
the leader vehicle to vehicle i at time instant k. So, the
mechanism of LDPP can be described as follows:

Given o,(0), let h?=0 and k=0.
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Discrete-time system
B of vehicle i

Discrete-time system
of the leader vehicle

oK), vy(K), a,(k)

DPG

Network |«

Figure 2 - Data processing mechanism of vehicle i

Step 1: At the time instant k, the LDPP changes its out-
put to o,(k)=0p(hk). Let hi*1=hk,

Step 2: If a packet oy(j) arrives at the time instant k+1
and j>hl*1 LDPP stores oy(j) . Let hi*i=j.

Step 3: Repeat Step 2 until no data packets arrive at
the instant k+1. Let k= k+1 and go to Step 1.

e k

0 1\2 3 I\Sh 7\ 8 \ Time
o~ o % . Py h¥
0O O 1 1 4 4 4 5 7 9 Signal used
k-h¥

o 1 1 2 o 1 2 2 1 O Time delays

o Data packet dropout % Data packet used

Figure 3 - An example to explain how the Logic DPP works

Remark 1: Figure 3 gives a detailed example for the data
processing in the Logic DPP. Form Figure 3, it is obvious that
h¥<k and hf<h/*1<k+1 are found. Once one data packet is
disordered, LDPP must drop it out; for example, the second
data packet in Figure 3 is dropped out by LDPP because it
is disordered with the fourth data packet when it arrives at
LDPP.

Because of the effect of the communication delay,
the data packets of the leader vehicle at time instant
k may arrive at the controller of vehicle i at a different
time, which means that asynchronous data packets
will be used for the computation of controller of vehi-
cle i. Unfortunately, it is undesirable for control design
and analysis. Thus, to avoid the asynchronous problem
of the sequence time, the buffer and the event trigger
(ET) are introduced in response to LDPP. The buffer is
to store the state information sequence M of vehicle i
from h¥ to k time, where M=[c;(h¥), o; (h +1),...,6/(k)].
The ET can generate a trigger signal if the output of
the LDPP is updated. The trigger signal for each vehi-
cle i is set as a two-valued variable 6,(k), which can be
modelled as:

1, theoutput of the LDPP of vehicle i
is updated
0, otherwise

Bik) =

If the ET output 6,(k)=0, then the newest data in
the Logic DPP is received by vehicle i at the last in-
stant. Otherwise, once the trigger signal 0(k)=1, the
buffer will be authorized to select the corresponding
data packet a,-(hf‘) from the sequence M in consisten-
cy with the received latest data packet cy(h¥) of the
leader vehicle. After that, the sequence M is updated
accordingly. The mechanism of the buffer can be de-
scribed as follows:

Give 6,k)=0, let h?=0 and k=0.

Step 1: At the time instant k, the buffer changes its
output to oj(k)=c;(h¥). Let hi*1=hk.

Step 2: At the time instant k+1, if 6(k)=1, the buf-
fer output the data og(j), let h¥*1=j and update
the state information sequence in the buffer as
M=[o(j),o;(j+1),...,0i(k+1)]. Otherwise, the buffer main-
tains the former output data o(h*1).

Step 3: Let k=k+1 and go to Step 1.

Therefore, both data packets oj(hf) and oy(h)
are sent to the controller of vehicle i for computa-
tion. Denote the velocity and acceleration errors
by ej(k)=vi4(k)-vi(k) and ef(k)=a.y(k)-aik), respec-
tively. Based on the state error information, let
e(k)=[eP(k), e}(k),ef(k)]", we propose the following con-
trol law for vehicle i (i>2)

ui(k) = Keei(k) + KL (qo(h¥) - qi(hf) - iL - ieh)

+ K{ (vo(hf)-vi(hf)) + K{ (a0 (hF) - ai(hf)) )

where Kp=[Kb,K5, K31, KP, K/ and K} are the controller
gains to be designed later.

Let tf2k-hk, so ¥ can be regarded as a network
transmission delay of the data packet of the leader
vehicle at instant k received by vehicle i via wireless
communication network. Note that the effects of the
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network-induced delays and packet losses can be syn-
chronously represented by r}‘ and can be distinguished
according to different values of tf. From the definition
of 1, it is easily known that tf*!<tf+1, then we need
to analyze the following two cases:

Case 1: If tf*1=7k+1, it indicates that no new data
packet has arrived at LDPP at instant k+1. The output
of LDPP is invariable, so delay t¥ of the leader vehicle
is increased by one.

Case 2: If tf*1<7k, it indicates that a new data packet
with the delay t/** is accepted by LDPP up to time k+1
and this packet will be used at time k+1. Let Nf=tk*1-
¥, then NKis the number of consecutive packet losses
from the leader vehicle to vehicle i.

In order to maintain a certain communication
performance, the following assumptions are made:
Assumption 1: tf is upper bounded by 1, i.e.
O< T < T o
Assumption 2: The number of consecutive data drop-
outs N,-“ is upper bounded by N,.

Thus, the control law in Expression 3 for vehicle i
can be rewritten as

ui(k) = Kpei(k)+ +K{ (qo(k-71)-qi(k-7f)-iL-ie§)
+ Kl (vo(k-7F)-vi(k-7F)) + (4)
+Ki(ao(k-7f)-ai(k-1f))

As the leader vehicle is the directly preceding vehi-
cle for the first vehicle in the platoon, the first vehicle is
run without the communication effect. The control law
for the first vehicle is given in the following form

ui(k)=(Kp+Ki)e1(k) )

In order to evaluate the performance of the first ve-
hicle, we define the following signal

Ei(k)=Fre1(k)+G1(u1(k)-uo(k)) (6)

In the above expression, we can pick the error sig-
nals of interest by F,, such as the spacing, velocity and
acceleration error. However, G, is capable of adjusting
the contribution of the control inputs u, and ug to min-
imize the cost. Corresponding to the first vehicle, the
performance output signal for other following vehicles
is defined

&i(k) = Fei(k)+G(ui(k)-ui-1(k)) (7)

By means of the control law in Expression 4, the
change in the control input from (i-1)-th to i-th vehicle
is written as

ui(k)-uia(k) = Keei(k)-Kpei1(k)+

+Krei(k)+KiL®i(k) 8

where Ok) is a disturbance variable for the simplicity
of our notation.

Remark 2: Due qi(k-t/)=qj(k)+A(k), Gy (k-t/)=0y4(K)+D4 (k) and
Qo(k-T)-Qo(k-T/)=D(K), O(k)LL(K)+..1(K)+® (k) is reasonable.

In other words, Expression 8 can be used for the next anal-
ysis.

The closed-loop form of vehicle i can be represent-
ed by

ei(k+1)=Aei(k)+B(ui(k)-ui1(k)) (9)
1T 7" +7T-p?

whereA=[0 1 -pe"7+7 '
00 e’

(72(e™7+1)+T(-p+T)
p(e™-1)+T
e"+1

Substituting Expression 8 into Expression 9, for ve-
hicle i>2, the closed-loop form can be written as
ei(k+1)=(A+BKp+BK.)ei(k)-

-BKPei—i(k)'l' BKL@i(k)

B =

(10)

Ei(k)=(F+GKp+GKr)ei(k)-

-GKpei1(k)+GKLO;(k) ()

Similarly, the closed-loop form for the first vehicle
can be described as

e1(k+1)=(A+BKp+BK.)e1(k)-Buo(k) (12)

E1(k)=(F1+G1iKp+ G1Kr)e1(k)-Gruo(k) (13)

Therefore, the following objectives of each follow-
ing vehicle need to be accomplished:

1) The longitudinal control problem of the platoon sys-
tem to be addressed in this paper can be formulat-
ed as the stabilization problem of the discrete-time
error system (Expressions 10 and 12) with multiple
delays.

2) As an additional requirement, the global perfor-
mance of the platoon system is string stable. Al-
though the spacing error eP(k) may guarantee con-
vergence to zero in steady state, it gives no specific
hints or restrictions on the spacing error in tran-
sient state for all the time.

Next, the main results of this paper for solving
these problems are given.

3. H_-TYPE PERFORMANCE OBJECTIVES

In this section, the novel H_-type performance ob-
jectives are proposed to guarantee asymptotic and
string stability of the platoon system. By solving Prob-
lem 1, the spacing errors ef(k) asymptotically converge
to zero and the total platoon is string stable. Now the
control Problem 1 is defined.

Problem 1:

For vehicle dynamics (Expression 2) under networked
platoon configuration in Figure 1, find the control gain
Kp and K, in Expression 4 such that the following con-
ditions are satisfied:
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1) Initial condition: for the state error e,(0)=0, distur-
bance variable ®;k)=0 and the control input of
the leader vehicle uy(k)=0, Vi=2,3,...,n. Vk=0, the
bounded state error e;(k) asymptotically converges
to zero.

2) For the non-zero and bounded uy(k) and ©,(k), the
performance output signals (Expressions 11 and 13)
satisfy the following constraints, respectively:

€112 <7luol

I&E < u(|RY?ers |5+ 0| RV204]3),i > 2

(14)

(15)
where the symbol || €| is defined by

2 ET(K)E(K).

k=0

Remark 3: By Problem 1, H_-type performance objectives
are handled. The first condition satisfies the asymptotic
stability constraint, which can ensure that finite-energy u,
will result in finite-energy e; for all i=2,3...n, and the desired
upper bound on the worst-case energy gain from ug to &, is
represented by y. In Constraint 15, the desired upper bounds
can be obtained by p and pu9?, and the disturbance inputs
e;, and an additional disturbance input ®; appears. When ¢&;
is constructed in a way to have FTF=R, the error states will at-
tenuate backward along the platoon if Expression 15 is sat-
isfied by u<1. The string stable behaviour can be ensured by
the value of u (e.g. u sufficiently small). On the other hand,
positive scalar 9 is introduced to adjust the desired robust-
ness with communication constraints (with large 9 implying
better robustness). Our goal is equivalent to deriving the con-
ditions for the solvability of Problem 1. Here, parameters 9
and R have to be fixed beforehand.

Theorem 1: Problem 1 is solvable if there exist PeS3
and TeR3*! that satisfy

qjll * *
BT yoll *|<0 (16)
FiP+Gi(H+T) Gi -pol
11’11 * * *
HB' 9P 0 *
T'B" 0 @d'p * <0 (17)
FP+G(H+T) GH GT -
-1
o P | -
>0 18
R (18)

where W, =AP+B(H+T)+P'A™+(H+T)" B', p and ¢ are
arbitrary positive scalars.

Proof: To obtain the LMI conditions on the solution of
Problem 1, we construct the Lyapunov functional as
follows

V(k)=el (k)Pe

where P is a strictly positive symmetric matrix. Then,
AV =V(k+1)-V(k)
=el(k+1)Prei(k+1)-e] (k)P ei(k)
For Expression 15, a sufficient condition is described
as

AV+E (k) Ei(k) - nel (k) Rej1 11 O] (k)RO; < O (19)

when e; 1(k)=0 and ®,(k)=0, Inequality 19 can guaran-
tee the stability of the platoon system. For the stable
system, limei(k) =0 is held. Hence, the sum of In-
equality 19 from zero to infinity results in

1 2 : 1 2
1616 < (| RZers [, + 0[R20 )+
+e] (0)P*ei(0)
when e,0)=0, the Inequality 15 is held. To facilitate the
proof, we define:

ST 2 [e] (kP -el (k)P O] PL E (K)]

Then, the Inequality 19 can be written as

¢11 * * *
P'KEBT -4PRP 0  *
P'KIBT 0 -uO‘PRP*

FP+G(KpP+ KLP) GKpP GKLP -

> (k) (k)< 0 (21)

where ¢, =AP+B(KpP+K, P)+PTAT+(KoP+K,P)'BT. Let
H=KpP and T=K,P. In order to resolve the nonlinear
term (2,2), (3,3) blocks, inspired by the work in [27],
we rewrite (2,2) and (3,3) blocks by the following ex-
pression

-PRP = (X - tPRP) + (-X)
—_— ——

<0 <0

(22)

Then, Expression 21 is equivalent to LMI as follows:

IP.ZLZL * * *
H'BT X 0 =
7B’ o otx *|<0 (23)

FP+GH+T) GH GT -

By the above transformation, no conservatism is in-
troduced as long as X is chosen freely. Hence, let X=¢@P
for getting a set of LMI conditions, where ¢ is an arbi-
trary positive scalar. By Expression 22, we can obtain '

oP* < uR (24)

By applying the Schur complement lemma to Ex-
pression 24 and performance objective (Expression 14)
for the first vehicle. Theorem 1 holds if LMI Expressions

16, 17 and 18 hold. This completes the proof.

Remark 4: In Problem 1, the H_-type performance objectives
are formulated with zero initial conditions. However, the non-
zero initial conditions are disregarded, which is not practical.
For Expression 20, the very large eigenvalues of P* might
bring about some severe consequences. However, it should
be pointed out that Expression 24 limits the choice of P1.
So, we can remove the adverse effects of nonzero initial con-
ditions by the choices of sufficiently small values for ¢ and
plgL. Similarly, it can also be applied to the first vehicle.
Remark 5: In this paper, the imperfect communication
is merged into multiple input delay problems. The upper
bounded of network-induced delays 7 can influence the fea-
sibility of Equations 16-18. note that the platoon system is
unstable when the delay t is greater than a certain value. In
this sense, the asymptotic and string stability of the platoon
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system can be affected by the upper bound of network-in-
duced delays k.

4. SIMULATIONS AND EXPERIMENTS

4.1 Platoon control system with multiple time
delays

This section shows the efficiency of the developed
method via numerical simulations. Four vehicles run-
ning on a horizontal road are considered. Set the
sampling interval T=0.005, the engine time constant
n=0.2, the length of vehicle L=bm and the desired
vehicle spacing ef=12m. Here, we set the parameter
s=0.1, y=0.9, p=0p=1.2. It is assumed that the initial
velocities of the vehicles are . Without losing generali-
ty, the acceleration for the leader vehicle is described
as

2m/s? 10<t<20
-1m/s? B50<t<60
0 others

ao = (25)

It is easy to check by using the Matlab LMI Toolbox
that Expressions 16, 17 and 18 are feasible and we ob-
tain the controller gain Kp and K, below

Kp=[-4.8170,-3.0746,-0.1768],

K;=[-12.5143,-3.4666,-1.7546]

As the leader vehicle is the directly preceding ve-
hicle for the first vehicle in the platoon, the first vehi-
cle works without the communication effect. In order
to show it clearly, the first 50 of 5,000 random dis-
tributed time-varying delays (OST,-“SS) are shown in
Figure 4, where the communication effect of the pla-
toon is transformed into time-varying delays by SDP,
no matter what communication delay, packet dropout
and disorder, as shown in Section 2. The tracking dis-
tance error responses of five following vehicles are
shown in Figure 5. Figure 5 indicates that the controller
can stabilize the system with time delays and maintain
the desired inter-vehicle distance (e4, €,, €3). Figures
6, 7 and 8 show velocity, position and acceleration of
the following vehicles, respectively. From Figures 6, 7
and 8 it can be clearly seen that the following vehicles
have good tracking performance for the leader vehicle
accelerating or slowing down.

In the same case, when the method proposed in
[24] is used, the spacing distance error between two
adjacent vehicles and the velocity of the vehicles are
shown in Figures 9 and 10. By comparing Figure 5 with
Figure 9, it is shown that the spacing distance error ¢;
backwards gradually reduces to accomplish the string
stability which is given in [24]. Although the control law
in [24] can obtain a smaller distance error than this
paper, the control law in this paper makes the spac-
ing distance error converge to zero without overshoot,
fast speed and stationary. It can effectively improve

Time-delays

v[m/s]

the safety and comfort of vehicles. From this view, the
controller of platoon in this paper is better than in [24].
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Figure 4 - Random distributed time-varying
delays of inter-vehicle communication
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Figure 7 — The position of the 4 vehicles
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Figure 10 - The velocity of the vehicles [24]

4.2 Experiments with Arduino cars

The experiments show that the proposed smart
data processing mechanism and the multi-objective
H_-type synthesis are effective in practice by using four
Arduino cars (in Figures 11 and 12). The Arduino car is
driven and steered by two front wheels. The longitu-
dinal speed and acceleration of the Arduino car are
detected by an incremental encoder sensor installed
on the shaft of the rear wheels and an acceleration
sensor installed on the top of the Arduino car. The
cameras mainly keep each car running a straight line.
For each car, an on-board Arduino processor serves as
the real-time computing and control unit.

Figure 11 - Arduino car
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gading vehicle

Figure 12 - Four Arduino cars in platoon
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Figure 13 - The spacing distance errors
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Figure 14 - The velocity of the following Arduino cars
response

Since Arduino cars need to be very close to each
other (e.g. the spacing distance errors can be as small
as several centimetres), the following Arduino cars
obtain the state information of its directly preceding
car by on-board sensor and of the leader car by wire-
less communication. Here, the wireless module uses
APC220, whose working frequency is 418 MHz to 455
MHz and the transmission distance is 1,000 metres.
The single-packet transmission policy is used in the ex-
periments. As the leader car O is the directly preceding
car for car 1 in the platoon, car 1 run without the com-
munication effect. Cars 2 and 3 receive the state data
packets of the leader car 0, so the communication de-
lay, packet dropout and disorder may occur during the
data packets transmission.

In the experiments, the leader car O is assumed
to run on a horizontal road at 20 cm/s, and the lead-
er car O speeds up at the time instant 2 and slows
down at the time instant 5. The desired spacing be-
tween two consecutive cars is given by eP(k)=5cm. The
time-varying delays tf are depicted in Figure 4. Here,
the time-varying delays are achieved via software pro-
gramming. The spacing distance errors of the two con-
secutive cars are shown in Figure 13 and the velocities
of the Arduino cars are shown in Figure 14. In Figures
13 and 14, it is clearly seen that all following Arduino
cars are asymptotically stable and the platoon string
stability can be guaranteed. In the experiments, it is
worth noting that the following cars do not obtain good
tracking performance when delays t/ are set to be
more than 0.5 s.

5. CONCLUSION

This paper investigates the platoon control system
with communication delays, disorders and packet
losses. An SDP is proposed to deal with the time-vary-
ing delays, dropout disorders and asynchronous data
packets in vehicular cooperative control. Based on
SDP mechanism, the platoon control problem is trans-
formed into a multi-objective H_-type synthesis prob-
lem, which can achieve robustness against commu-
nication constraints. A new platoon model based on
network communication has been presented. Based
on the model, a controller, which guarantees that the
platoon control system is asymptotically stable and
string stable, is designed. Numerous simulations and
experiments with laboratory scale Arduino cars results
show the efficiency of the proposed methods.

In future research, we will plan to study the time
delays and packet loss with limited conditions. A net-
worked-predictive-control scheme is employed to com-
pensate the effect of communication constraints.
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