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ABSTRACT. The problem of controlling a string of vehicles moving in one dimension is
considered so that they all follow a lead vehicle with a constant spacing between successive
vehicles. Due to practical design and implementation, stability and string stability of a
platoon of vehicles in the simultaneous presence of lags, communication delay are investi-
gated. Since the delays for transmitting signals will not be fized, the communication time
varying delay is considered. A sufficient condition for the stability criteria of the ad-
dressed problem is obtained. This paper provides a practical means to evaluate a platoon
system by applying a hierarchical platoon controller and provides a reasonable proposal
to design the controller. Finally, a simulation example of multiple vehicle platoon con-
trol with the effect of communication time varying delays is exploited to demonstrate the
effectiveness of the proposed model and method.
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1. Introduction. Highway congestion is imposing an intolerable burden on urban resi-
dents. Increasing in traffic density causes the traffic congestion on the roads, which will
reduce travel time, traffic safety, air pollution, and energy consumption. There are various
approaches to reduce congestion such as vehicle platoon control. One possible solution
to this problem is to use the Adaptive Cruise Control (ACC) concept. ACC system has
been proposed as an enhancement over existing cruise controllers on ground vehicles.

Large scale systems have been object of attention in system and control theory since
the seventies [1]. The control theory community has put much effort into the development
of methods for controlling vehicle formations. This interest is due to the variety of appli-
cations that have been made possible by modern technological advances, for example, in
satellite formation flying [2], car platoons [3] or unmanned aerial vehicles [4,5].

This is a problem that is of primary interest to formation control applications, especially
to platoons of vehicles. Considerable amount of research has been conducted on robustness
to disturbance and stability issues of double integrator networks. Due to practical design
and implementation, the actuator lag must be considered [6-8]. Xiao and Gao investigated
the effect of self delayed information, from the command (throttle input and brake pedal)
to the torque available at the tires, on string stability and did not consider the effect of
communication delays and their effect on the stability [7].

For multi agent systems, many properties may become significant in addition to the
usual stability and robustness analysis such as string stability must be considered. The
term string stability was initially introduced in 1974 [9]. String stability explains how
errors are propagated through the group of vehicles as a result of disturbances or the
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reference trajectory of the formation lead. String stability has been widely used in au-
tomated highway systems [10-12]. The relationship between string stability and spacing
policies has been an important issue [13,14]. There are two major strategies for control-
ling of a platoon of vehicles, constant time headway control and spacing distance control.
In spacing distance control, the distance between two adjacent vehicles in the platoon is
controlled to be the same as a pre specified constant, independent of the velocity in the
platoon travelling. Since constant spacing strategies are usually used due to the very high
achievable traffic capacity, the desired trajectory of the platoon is considered to be of a
constant-velocity type.

The control system for the vehicle platoon consists of the guidance model describing
interaction between vehicles and the individual vehicle control. Among various cooper-
ative control strategies, consensus algorithm has been broadly studied and extensively
used in the multi-agent system, to guarantee that all agents reach an agreement on the
convergence point. The research on the consensus algorithm can be referred to [15-18] and
references therein. In the past, researchers have investigated the effects of communication
structures, or information flow, on system stability using graph theory [19-21]. This paper
is inspired by consensus algorithm that derived the states to a common value. Therefore,
by adding an offset term to states, the desired inter vehicle spacing is achieved. Due to
practical design, the actuator lag is considered while the multi-agent system is applied
only in double integrator model. Hence, this makes a novel contribution.

Because of serious challenges induced by the communication networks, such as delays
and packet dropouts [22-24], special attention is required when synthesizing the stabilizing
control system. Due to limited bandwidth and possible data collisions, transmission delay
in a networked control system is unavoidable. The stability analysis of such systems
becomes quickly intractable as the number of agents increases and the delays enlarge. It
has now been well known that the existence of time delays is commonly encountered in
many dynamic systems, and time delay has become an important source of instability and
performance degradation [25,26]. Time delays resulting from interconnection links have
also been paid much attention to multi-agent systems because of the practical background
[27,28].

Despite the huge amount of relevant literature to date, there is no apparent stabil-
ity analysis methodology for platoon of vehicle with respect to the communication time
varying delay. The purpose of this paper is to analyze stability and string stability by
considering the transmission delay and the lags. Hence, this paper provides a practical
means to evaluate a platoon system. The earlier analysis of homogenous string stability is
conducted without consideration of these constraints. Also, the most studies considered
the control law whereby the controller uses the relative distance and velocity information
with respect to the preceding vehicle [5-10]. However, the control law is considered so
that it only uses the relative distance for controlling a string of vehicles.

The remainder of the paper is structured as follows. Section 2 briefly introduces the
longitudinal vehicle model that considers the lags. Section 3 deals with the stability
analysis. Section 4 communication structures is described. Section 5 presents an analysis
of string stability. In Section 6 simulations are presented to show the efficiency of the
proposed method. Section 7 gives the conclusion.

2. Vehicle Model. Considering a group of vehicles in dense traffic will not be overtaken
and assume each vehicle uses only the information of the preceding vehicle. The formation
control of N +1 homogeneous string of vehicles is considered so that they all follow a lead
vehicle, as shown in Figure 1.
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F1GURE 1. 1-D of vehicle string

The position, velocity and acceleration of lead vehicle are denoted by xo(t), vo(t), ao(t),
respectively. x;(t), v;(t), a;(t) denote the position, velocity and acceleration of the i-th
vehicle, respectively.

A model for the motion of a vehicle must take into account the power train, tire forces,
aerodynamic drag forces, rolling resistance forces and gravitational forces. The power
train consists of the internal combustion engine, the torque converter, the transmission
and the wheels [29]. The dynamics of the i-th following vehicle can be modeled by the
following non-linear differential equations [30-32].

a; = fi(vi, a;) + gi(vi)e; (1)

where ¢; is the engine input and f;(v;, a;) and g;(v;) are given by

1 O'AiC i dmZ O'AZ'C ;Ui Qg
fi(vi,ai): ——<QZ+ dU?‘f‘ > _7d
T 2ml my; m;
1
gz( z) P

where o is the specific mass of the air, A;, cg, dn;, m; and 7; are the cross-sectional
area, drag coefficient, mechanical drag, mass and engine time constant of the i-th vehicle,
respectively, oA;cq;/2m; stands for the air resistance. Note that the vehicles considered
here are not necessarily identical.

The following control law has been adopted

c; = u;ym; + 0.50’Ai6dﬂ)i2 + dmz + TiUAiCdiviai (2)

where u; is the additional input signal to be designed. Obviously, this control law can be
achieved by feedback linearization, since after introducing (2), the third equation in (1)
becomes

Tidi +a; =y (3)
The feedback linearization controller in (2) plays the role of the first layer controller in
our architecture. It helps to simplify the system model by excluding some characteristic
parameters of the vehicle from its dynamics.
For simplicity, all the vehicles are supposed to be identical, although this assumption
may be neither entirely necessary to the discussion nor satisfied in practice. Therefore,

=1, Vi=1,...,N

3. Stability Analysis. Before analysis of any aspect of a platoon, it is important that
the stability of a platoon subject to communication time varying delays is analyzed. In
this paper we focus on the approach where it is assumed that every vehicle of the formation
has identical dynamics and is controlled locally. In this situation, the formation can be
schematized as a graph that mimics the information flow, and it is possible to prove
a formation stability criterion which requires the evaluation of systems of the order of
the agents, instead of the full order formation. Graph theory is mentioned as a way of
interpreting the systems which are object of this paper. Actually graph theory can be
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also of further use in this situation, as it can give guidelines in the choice of the pattern
matrices. It is out of the scope of this article to give a complete account of graph theory.
Graph Theory

For a group of N vehicles, the interaction for all vehicles can be naturally modeled by a
directed graph g = (v, w), where v = {v1, vq,...,vx} and w C v? represent, respectively,
the vehicle set and the edge set. Each edge denoted as (v;,v;) means that vehicle j
can access the state information of vehicle 4, but not necessarily vice versa. Accordingly,
vehicle 7 is a neighbor of vehicle j. An edge is undirected if (v;, v;) € w implies (vj, v;) € w.
We use N; to denote the neighbor set of vehicle j. A directed path is a sequence of edges
in a directed graph of the form (v, vs), (v2,v3), ..., where v; € v. A directed graph has a
directed spanning tree if there exists at least one vehicle that has a directed path to any
other vehicle.

The interaction graph can be mathematically represented by two matrices: the adja-
cency matrix A = [a;;] € R™*" with a;; > 0 if (v;,v;) € w and a;; = 0 otherwise, and the

N

(non-symmetric) Laplacian matrix L = [l;;] € R™" with l;; = Y a;; and l;; = —ayj,
J=Llj#i

i # j. Here we assume that a;; = 0,Vi =1,..., N. For undirected graphs, we assume that

a;; = aj. It is easy to verify that it has at least one zero eigenvalue with a corresponding
eigenvector 1, where 1 is an all-one column vector with a compatible size. A path in a
directed graph is a sequence v, v1, . .., vy of distinct nodes such that (v;_,v;) is an edge
for j =1,2,..., f, f € ZT. There exists a path from node v; to node v;, we say that v;
is reachable from v;. If a node v; is reachable from every other node in ¢, then we say it
is globally reachable. The following definitions are borrowed from [33].

Definition 3.1. For a group of N wvehicles, a vehicle is called a leader if the vehicle has
no neighbor. A wvehicle is called a follower if the vehicle has a neighbor.

To study a leader-following problem, we also concern another graph ¢ associated with
the system consisting of N agents and one leader (labeled 0). Similarly, we define a
diagonal matrix B € R"*" to be a leader adjacency matrix associated with g with diagonal
elements b;, where b; = a;o for some constant a;o > 0 if node 0 (i.e., the leader) is a neighbor
of node 7 and b; = 0 otherwise.

3.1. Control law. With the help of graph theory, the robust consensus stability of the
multi-agent system with communication delays is obtained. In multi-agent consensus
applications, group of agents need to agree upon certain quantities of interest that depends
on the state of all the agents [34], which is a kind of interesting collective phenomena in
physics, nature and society [35].

String stability cannot be guaranteed when constant spacing policy is used. Therefore,
for achieving string stability condition, we need information of the leading vehicle. Hence,
a centralized control law is considered whereby this controller only uses the relative dis-
tance information with respect to the preceding vehicle as well as velocity information of
the lead vehicle.

Due to the coupling delays, each agent cannot instantly get the information from others
or the leader. Thus, for agent i (i = 1,...,N), a neighbor-based coupling rule can be
expressed as follows:

ui(t) =K (Z%‘(%‘(t—r) _mi(t_r))> (4)

+ K (b;(xo(t —r)—xzi(t — 1)) + D(vg — v;(t))
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where the communication time-varying delay r(¢) > 0 is a continuously bounded differ-
entiable function with

0<r(t)<p
The input can be written in a matrix form:
uw=—K(L+ B)x(t—r)— D(v—wvgl) + KBlxy(t — 1) (5)

We will demonstrate the convergence of the dynamics system; that is, x; — xg v; — vy
as t — oo.

3.2. Vehicle offsets. The goal of the controller as defined above is to drive the states
to a common value. In this problem definition, we do not concern about the final value
so long as the vehicles share it. For some applications, such as orienting underwater
vehicles, this is an understandable goal. For other applications, such as relative satellite
positioning, it is necessary to add an offset term to states to achieve the desired inter
vehicle spacing. An offset function d is defined which describes the inter vehicle spacing.
We assume that d is defined so that for all ¢, j, k, d;; + dji, = di. One way to generate
such a function is to define an offset dy; for each vehicle relative to an arbitrary reference.
As mentioned before, the way is considered that all vehicles follow a lead vehicle with a
constant spacing between successive vehicles. Consequently for achievement the propose,
we consider dy; as the following form
7
doi =Y (Djo1j+Li) (6)
j=1
The desired geometry of the platoon is specified by the desired spaces D;_;; for i =
1,2,...,N where D, ;; is the desired value of x;_(t) — x;(t) — L;_1, L;—; is the length
of ¢ — 1 vehicle. The control objective is to preserve a rigid formation, i.e., to make
neighboring vehicles keep their pre-specified desired spaces and to make agent 1 follow its
desired trajectory x§(t) — Doy — L.
Therefore, a centralized control law is considered as the following form:

JEN;
The goal of the controller as defined above is to drive the states to follow a lead vehicle
with a desired spacing between successive vehicles.

(7)

3.3. Convergence analysis. In this section, we will focus on the convergence analysis
of group vehicles.

We assume the leader has the desired constant velocity (i.e., vg). The desired trajectory
of the ¢-th vehicle is

i—1 2

wi(t) =xy—Doi— > Li=x5—> (Dj 1+ L 1) (8)
j=l =1
To facilitate analysis, the following tracking error has been defined:

Substituting (9) into (7), and using z}_, — xf = D;_y; — L;_; we get

ui(t) = K (Z ai; (Tt —r) —T;(t — 7"))) + K (b; (—z;(t—1)))+ D (—il(t)) (10)

JEN;
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Combining the open loop dynamics (3) with the control law (10), we get

+ K (b (=2i(t = 1)) + D(=(t))

Because 1 is eigenvector of Laplacian matrix, the dynamics system can be rewritten as
the following form

e=Ce(t)+ Es(t—r) (12)
where
:TE Onxn Iy Onxn
e)=| = ), C=|0nxnv Onxn In ;
T Onxn —DIN/T _IN/T

Onxn  Onxn Onxw -|
E = Onxny  Onxny Onxnv |, H=L+ B
[ —KH/T Onxn Onxn J

where Iy and Oyyy are the identity matrix and the zero matrix of dimension N, respec-
tively.

Before the discussion, we introduce some basic concepts or results for time-delay systems
[36].

Consider the following system:

T = f(fﬂt)
{ z(0) = (0), 6 € [-5,0] (13)

where z,(0) = z(t + 0), V8 € [-5,0] and f(0) = 0.

Lemma 3.1. (Lyapunov-Razumikhin Theorem). Let o1, ps and p3 be continuous,
nonnegative, nondecreasing functions with pi(s) > 0, pa(s) > 0, 3(s) > 0 for s > 0 and
©1(0) = p2(0) = 0. For system (12), suppose that the function f : C([-3,0],R") - R
takes bounded sets of C(|—03,0],R") in bounded sets of R™. If there is a continuous
function V(x,t) such that

pr(llel) <Vt 2) < gallll), ¢ € R, e R (14)

In addition, there exists a continuous nondecreasing function ¢(s) with ¢(s) > s, s > 0
such that

V(t; x)|the dynamics system S —¥3 (H.CL'“) )
if V(E+0,2(t+0)) <o(V(tz(t), 0[50

Then the solution x = 0 is uniformly asymptotically stable.

(15)

V(z,t) is called Lyapunov-Razumikhin function if it satisfies Equations (14) and (15)
in Lemma 3.1.

Lemma 3.2. The matric H = L + B s positive stable if and only if node 0 is globally
reachable in g.

Therefore, if node 0 is globally reachable in g, H is positive stable, and from Lyapunov
theorem, there exists a positive definite matrix P € R"*" such that

PH +H'P =1, (16)
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2D-1) 1-7 o - | )
-7 2(1-71) ,v = min{eigenvalue(Z)}, 1 = max{eigenvalue(P

HHTP)} and A = min{eigenvalues(P)} now we give the main result as follows:

Let Z7 =

Theorem 3.1. For system (12), take

2]l 1-—
K<t and D>14+-—T (17)
YA 4
Then, when 3 is sufficiently small
e =0

If and only if node 0 is globally reachable in g.

Proof: Node 0 is globally reachable, H is positive stable and P is positive definite
matrix satisfying (16). Take a Lyapunov-Razumikhin function V(g) = 7 Pe, where

DP P P
T2 T2 T
P = TBQ % é where D > 1
p P P
is positive definite.
Then we continue V(2) |(12).
By Lyapunov-Razumikhin formula [37],
0 0 -r
e(t—r)=c(t) — /é(t + s)ds = e(t) — C’/s(t +s)ds— FE / e(t+ s)ds (18)
—-r —-r —2r

Thus, from E? = 0, the delayed differential Equation (12) can be rewritten as
0
é:Fe—EC/e(t+s)ds (19)

where F' =C' + F.
Note that 2a”b < aTva + b71~'b holds for any appropriate positive definite matrix 1.
Then, with a = CTE"Pe, b =¢(t + s) and ¢ = P~! then

0
1% ‘(12) :6T(FTP + PF)e — 2€TPEC/6(t + 5)ds

-

0
<e"(FT'P+ PF)e +re"PECP'CTET Ps + / eT(t + s)Pe(t + s)ds

Take ¢(s) = gs for some constant ¢ > 1. In the case of
Vet+0) <qV(e(t), —-7<0<0

we have
V< —TQe + rsT(PEC’P’IC’TETP + qP)e
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where _ _
K1, EHTP EHTP
Q=—(F"P+PF)=| SPH 22Hp LDp

T2 T2

ng (177)15 2(177‘)?

T2 T2

When delay is sufficiently small, if the matrix ) will be positive definite, then the system
(12) is asymptotically stable. To find the condition on control parameters so that the
matrix ¢ become positive definite, we use two following lemmas:

Lemma 3.3. For any symmetric matriz, M, in the form of
A B
BT C
If A is invertible then the following properties hold
M =0iff A=0and C — BTAIB =0 [38].

By using Lemma 3.3, the matrix ) is positive definite if and only if the following
condition holds:

%({Q(f)_:) 2(11_77)}@913)_7_}2(“ }]@PHHTP>>O (20)
Lemma 3.4. Let A € R™*" have eigenvalues \;, 1 = 1,...,n and let B € R™*™ have the
eigenvalues pj, j =1,...,m. Then the mn eigenvalues of A® B are

)‘1/1’17 SRR )‘ll'bma )\2/1’17 SRR )‘ZI'Lma SR )‘n/Lm [39]

According to Lemma 3.4, the matrix () is positive definite if and only if the following
condition satisfies:

|

YA > 21K
This condition is reasonable if the matrix is positive definite. Thus, Z is positive definite
if and only if the following conditions hold:

]__
T<1andD>1+TT

Because the lag in the vehicles is always less than one, this condition always holds.
Hence, the matrix Z is positive definite if and only if D > 1+ 0.25(1 — 7).
Amin denotes the minimum eigenvalue of matrix (). If we take

)\min
|[PECP-ICTETP| + ¢ | P||
Then V(e) < —nel’e for some 1 > 0, therefore, the conclusion follows by Lemma 3.1.
Here, we complete the proof of the theorem.

T <

4. Communication Structures. A data communication network is assumed to exit
among the vehicle. Figure 2 shows the communication structure that is investigated in
this paper. In the figure, vehicle 0 is the platoon lead. These communication structures
can be extended to N vehicle formation. This structure can be described as directional
communication between follower vehicles.

As the communication structure adjacency matrix, Laplacian matrix and leader adja-
cency matrix are the following form:

00 ... 00 0 O
10 ... 00 -1 1

b

00 ... 1T2O0 0o 0 ... =11 00 ... 00



STABILITY ANALYSIS OF LONGITUDINAL CONTROL 1633

() ) ()

F1GURE 2. Communication network in a platoon of vehicles

Communication and control are related namely in networked control systems. Networked
control systems are control systems composed of the plant, actuators, sensors, and con-
trollers which are connected to the plant via some forms of communication. To transmit
a continuous-time signal over a network, the signal must be sampled, encoded in a dig-
ital format, transmitted over the network, and finally the data must be decoded at the
receiver side. This process is considerably different from the usual uniform sampling in
digital control. The overall delay between sampling and eventual decoding at the receiver
can be highly time-varying because both the network access delays. It includes the time
taken for a shared network to accept data as well as the transmission delays, i.e., the time
during which data are in transit inside the network. It depends on highly variable data
transmission conditions such as congestion or channel quality. Generally, two transmis-
sion channels appear sensor-to-controller delay and a controller-to-actuator delay. The
sensor acts in a time-driven variable manner, while the controller and actuator with the
zero order- hold operate in an event-driven manner. It means that the controller and the
actuator update their outputs as soon as they receive a new sample. The two transmis-
sion channels may be considered as an equivalent to a single transmission channel with
the sum of both delays. Therefore, it is supposed that only one transmission channel is
available. It means that such a delay is considered as a sensor-to-controller delay.

5. String Stability Analysis. In addition to analysis of stability, i.e., convergence anal-
ysis of a platoon of vehicles for multi agents system, how errors are propagated through the
string due to disturbances has to be considered. The question of string stability /error am-
plification is usually answered by looking at the transfer functions that relate the spacing
errors between two successive vehicle pairs. The string-stability ensures that range errors
decrease as they propagate along the vehicle stream. The string stability performance
is mainly determined by the structure of the controller and the used headway policy.
In other words, the string stability performance is mostly dependent on the information
received and used by the longitudinal controllers.
By considering communication structure the control law is the following form

The overall schematic diagram of the control system is shown in Figure 3.
The velocity and spacing error dynamics models can be derived based on the vehicle
dynamics model (3)

In the analysis of string stability, the communication time delay is assumed constant
and equal to the bounded value of it (i.e., ).

The Laplace transforms can be used for analyzing with the conventional notation and
the regular assumption of zero initial conditions for the derivation of transfer functions.
Therefore, by taking the Laplace transformation on both sides of (22), we obtain

(15° + 5% + Ds + Ke ") X;(s) = Ke "*X;_,(s)
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- Communication
" Delay "="
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FI1GURE 3. Overall control system structure

Therefore, }
. —Bs
Gls) = —ils) Ke _
Xi_l(S) 753 + 52+ Ds + KePs
This describes the spacing error dynamics model of two successive vehicles in the string
of vehicles.
It is clear that the range error output must be smaller than or equal to the range
error input to avoid range errors propagate indefinitely along the string. For this uniform
vehicle string, a string-stability definition is widely used [40,41] and is described as follows:

|IG(jw)| <1 Yw >0
where G(jw) is derived from the spacing error transform function (23) by substituting
5= jw.

Theorem 5.1. The condition |G(jw)| < 1 is satisfied for Yw > 0 if the following condition

(23)

holds 1
KB+\/M<D<Z—O.5KT (24)
Proof: |G(jw)| can be expressed as |G(jw)| = \/p/q that
p=K’
q=7"W"+ (1 —2D71)w" + D?w? + K? 4+ 2K 7w’ sin(Bw) — 2K Dw sin(Bw)
— 2K w? cos(Bw)

The magnitude of |G(jw)| is less than 1 if the following condition is satisfied
q¢—p = 72w+ (1 = 2D7)w* + D*w? + 2K 7w® sin(Bw) — 2K Dwsin(fw) — 2K w? cos(Bw) > 0
Taking into account the fact that sin(rw) < rw, we obtain
q—p> 71+ (1 - 2D7)w* 4+ (D? — 2K DB)w? + 2K 7w? sin(Bw) — 2Kw? cos(Bw)
By taking into account this fact Va2 + 12 < asinz+bcosz < a2 + b2. Therefore, if

the following condition is satisfied, then ¢—p will be positive. In other word, we considered
the worse case.

0+ (1= 2D7)w' + (D* = 2K D) = 2KwVT + 722 > 0 (25)

The spacing errors have most of their energy at the region of low frequencies, which is
also called the key region of the string stability [42]. Hence, at the low frequencies, we
can assume v/1 + 72w? & 1 + 0.57%w2.

720 4+ (1 = 2D7 — K7%)w* 4 (D? = 2K DB — 2K)w* > 0 (26)
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While the coefficients are more than zero, the inequality (26) is satisfied. Therefore, if
the coefficients 1 —2D7 — K72 and D?>—2K D3 —2K are positive, then the inequality (26)
is hold. By using elementary calculation, we can show these constraints will be satisfied
if the following conditions are hold.

D < 0.5/7—05K7 and D > KB + /K2B% + 2K

Proof of the theorem is completed.

As mentioned earlier, the spacing errors have most of their energy at the region of low
frequencies. At the law frequencies, the value of w is far smaller than the values of the
parameters. Hence, the coefficient D? — 2K Df3 — 2K is the most important value of the
polynomial at low frequency. The negative effect of the communication delay on string
stability is shown by Theorem 5.1.

6. Simulation. The automotive longitudinal control is generally composed by two loops:
an inner force (acceleration) control loop which compensates the nonlinear vehicle dy-
namics (acceleration and brake systems), and an outer inter-distance control loop which
is responsible for guaranteeing a good tracking of the desired inter distance reference.
The inner control loop, i.e., the throttle/brake control loop, is a nontrivial control prob-
lem. The difficulty is the complexity and lack of symmetry of the throttle and brake
subsystems. In addition, the vehicle dynamics is highly nonlinear and behaves differently
than our idealized. Thus, based on published experimental result [43], we can accept
T;6; + a; = u;(t). In this paper, we assume an inner controller performance. The values
are only chosen for the relevant parameters in the simulation. As mentioned before, we
focused on the upper level controller and did not consider the issues related to lower level.

In order to validate the performance of the proposed control algorithm, computer sim-
ulations have been carried out for the platoon system contained with ten followers, i.e., N
= 10. As stated before, the ability of maintaining the distance between vehicles is impor-
tant for the safety of the vehicle platoon system. The most important disturbances in a
platoon control system include the lead vehicle acceleration/deceleration. In other words,
a disturbance means any source which ensures that the vehicle string cannot maintain a
constant velocity.

In the simulations, the desired vehicle space was set as D;_;; = 8m and the length of
vehicle as L; = 4m, other parameters used in the simulations are the same with [6,44],
namely, the specific mass of the air o; = 1N/m3, the cross sectional area A4; = 2.2m?
the drag coefficient ¢4 = 0.35, vehicle mass m; = 1500kg, and the mechanical drag
dmi = 150N. We assume that, without loss of the generality, the leading vehicle initially
travels at a steady-state velocity of vipui = 20m/S, Ginitiar = Orn/s2 then; the leading
vehicle begins to accelerate to another steady-state velocity vfina = 40m/s, afina = Om/s2
at t = 20 sec the time varying communication delay r(¢) = 0.03 |cos(t).

It is not hard to obtain A = 0.2554, i = 1.5964 (By solving the Lyapunov Equation
(16)). By taking D = 4.5, the value of  is equal to 1.6486. Regarding to (17), if K < 0.14
the system is stable.

Regarding to Theorem 3.1, by taking two different control parameters, stability and
instability of platoon of vehicles are shown in Figure 4 and Figure 5, respectively.

d; = i1 — x; — length of vehcle — d,.; denotes the spacing error of the i-th vehicle
which is the deviation between the spacing and desired spacing.

Figure 4 demonstrates the effectiveness of the proposed controller and indicates that
we can only use the relative distance for controlling a string of vehicles.
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communication delay by taking D = 0.6

Note the conditions (17) are a sufficient condition on the control parameters. If we
choose another P matrix, different conditions will be got. Hence, instability necessarily
does not occur if the control parameters do not satisfy the conditions (17).

Next to confirm the results of Theorem 5.1 that express the practical string stable
conditions with consideration of the lags and communication delay, several numerical
simulations have been conducted. Table 1 presents the relationship between control pa-
rameters, the lag and communication delay by three cases.

TABLE 1. Parameters for the platoon

Parameters Case I Case II Case III

T 0.1 0.1 0.1
o] 0.03 0.03 0.03
K 2 2 2

D 2.5 2.06 1.5

Condition D>p D=p D<p

Here p = K + /K?p3? + 2 K and at the all of three cases D < 0.5/7 — 0.5K'T.
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Three cases, i.e., string stability, critical string stability, and string instability, have
been simulated by considering three groups of specific parameters. Figure 6 illustrates
Case I in Table 1 which represents the string stable condition D > p and it also shows the
spacing errors of the vehicles in the string smoothly reduce upstream. If the initial inter
vehicle spacing is the same for all vehicles, this ensures that if the first following vehicle
does not collide with the leading vehicle, and then there will not be a collision upstream
between successive vehicles.

Figure 7 illustrates Case II in Table 1, which represents the critical string stable condi-
tion. Figure 8 illustrates Case III in Table 1 which represents the string unstable condition
of D < p.

Figure 7 clearly demonstrates when the relative velocity information was not used by
the controller; string stability was achieved more difficult (compared with [6,7]). In other
words, compared with a controller whereby used information of the relative velocity, the
control parameters must be chosen in a shorter domain to achieve same response. On
the other hand, information of the relative velocity needs to use extra sensor to obtain
information of the relative velocity respect to the preceding vehicle. Hence, by using this
controller law, we do not need this sensor in practice.

Performance of String Stability
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FIGURE 6. Performance of string stability of ten followers under condition
D>p
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A first-order lag model approximation of vehicle dynamics is considered. The time
constant of the first-order models may be a function of many factors, such as vehicle
speed and mass. Therefore, the controller must be designed so that it can accommodate,
or at least be robust to, variations in vehicle dynamics. A numerical simulation result
is presented to show the robustness of the control approach. Using the same scenario
used in the sudden speed change simulation and fixing all relevant gains and parameters
for the controllers, the time constants of vehicle models are varied in order to represent
the various kinds of vehicle dynamics. The time constant ranges from 0.1 to 0.3 which is
shown in Figure 9. In Figure 10, the spacing errors are presented by taking the control
parameters as same as stability examination (Figure 4).

The ability of maintaining the distance between vehicles regardless the measurement
signals noises is important for the safety of the vehicle platoon. In this paper, the robust-
ness beside the measurement signals noises are considered. Even though the information
is measurable via sensors, the extraneous noises were included unavoidably in the mea-
surement process, and the overall performance of the platoon control system can be worse
as a result of the noises. In this simulation, in order to take into account robustness
against the noise in the measurement signals, the measurement noise of the proposed
algorithm, the random numbers within [—0.5,0.5] (m) are added into the measurement
signals of the relative distance. The performances of the vehicle platoon control system
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FIGURE 11. Performance of string stability of ten followers with the mea-
surement noise

under the noise in the measurement signals is shown in Figure 11 which represents the
string stable state. The parameters are chosen as Figure 4.

7. Conclusion. In this paper, the practical analysis of a platoon of ACC vehicles, which
apply the constant time headway policy, is investigated by considering the lags of the
actuators and sensors when building the vehicle longitudinal dynamics model and com-
munication time varying delay. A hierarchical platoon controller design framework is
established comprising a feedback linearization controller at the first layer and a central-
ized bidirectional controller at the second layer. This paper provides a practical means
to evaluate the ACC systems by applying the modified consensus algorithm and provides
a reasonable proposal to design the ACC controller. For the purpose of disturbance at-
tenuation, string stability analysis is examined. The results have shown the decrees of
error in the platoon if the p < D < 0.5/7 — 0.5K7 is satisfied and the delays have a
negative effect on string stability. At the end, the robustness of the proposed algorithm
is validated through computer simulations under noise in the sensor measurement signal
and engine time constant variation.
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