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ABSTRACT This paper studies the synchronization and tracking issue for the connected and automated
vehicle (CAV) platoon with mixed-order nonlinear vehicle dynamics. Previous researches have demonstrated
that vehicle platoons can improve traffic efficiency and minimize the incidence of traffic collisions. However,
vehicles within the same platoon may have different-order dynamics in practical scenarios. The heterogeneity
issue of a vehicle platoon caused by the different-order dynamics is difficult to address by existing platoon
control methods. Therefore, the platoon synchronization and tracking control problem for the heterogeneous
CAV platoon which consists of mixed-order vehicles with a hybrid of second- and third-order dynamics
is formulated in this paper. The proposed novel distributed sliding mode (DSM) control protocols for
vehicles with second- and third-order dynamics aim to guarantee the convergence of vehicle state errors
and the stability of the heterogeneous platoon. The distributed neural network-based adaptive estimation
technique are developed in this paper to approximate the unknown uncertainties and compensate for the
model nonlinearities of the platoon system. The uniform ultimate boundedness of errors and string stability
are substantiated through the Lyapunov theory and infinity-norm technique. The efficacy of the developed
platoon control strategies can be verified by the numerical examples.

INDEX TERMS CAYV, mixed-order nonlinear dynamics, string stability, heterogeneous platoon, neural

network.

I. INTRODUCTION

With the growing concerns over traffic congestion, environ-
mental contamination, and car incidents escalating, there has
been a considerable focus on various research directions in
intelligent transportation systems (ITS) [1]. The connected
and automated vehicle (CAV) platoon control, which requires
that vehicles within the platoon follow their adjacent
vehicles with a predetermined desired inter-vehicle spacing
along the same driving path, is acknowledged as a key
research focus within the realm of ITS. The investigation of
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vehicle platoon control has attracted numerous researchers,
and the extensive explorations within the field have been
carried out over the last several decades. Recent years,
the implementation of vehicle platoon control has demon-
strated its feasibility for improving road safety, enhancing
overall traffic flow, and diminishing fuel expenditure [2].
The effectiveness of vehicle platoon control has been
validated through some well-known projects in the real
world, such as KONVOI in Germany, PATH in USA, and
SARTRE in Europe [3], [4], [5]. A great number of key
aspects in this field have been extensively investigated,
including string stability [6], dynamic homogeneity and
heterogeneity [7], platoon communication topology [8], etc.
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Many effective control techniques have been utilized to
deal with the platoon control problem, including feedback
linearization [9], model predictive control [10], sliding mode
control [11], etc.

Recently, there have been a great number of articles focus-
ing on vehicle platoon control, specifically on the powertrain
dynamics modeling [12]. These researches have discussed a
wide range of various vehicle dynamic models [13], [14],
[15]. To simplify the vehicle dynamic model and facilitate
the controller design, some earlier studies have investigated
the homogeneous linear vehicle platoon [14], [15], [16].
Nevertheless, in practical scenarios, vehicle dynamics usually
exhibit nonlinearity and can be influenced by uncertainties
and external disturbances. Therefore, many studies made
investigations on platoons with nonlinear vehicle dynamics
[17], [18], [19], [20], [21].

According to existing literature, the second- and
third-order dynamics for vehicles are commonly utilized in
the existing works of the nonlinear vehicle platoon [20],
[21], [22]. Based on the second-order vehicle dynamics,
the coupled sliding mode control strategy are developed
to achieve the platoon control objective and reduce the
impact of external disturbances in [20]. In [21], a hierarchical
platoon controller design framework based on the feedback
linearization control and decentralized bidirectional control is
established for the vehicle platoon with third-order dynamics.
However, in practical applications, vehicle platoons often
exhibit heterogeneity which reflects the differences among
the vehicle dynamics and can have a substantial influence
on the platoon stability and control effectiveness [7].
Therefore, the heterogeneity within a platoon should be
taken into consideration, and the control protocols should
be designed to effectively handle these differences. Some
existing literature have dedicated to the investigation of
the heterogeneous platoon [23], [24], [25], [26], [27]. The
distributed control framework and the topological reaching
law are developed for a nonlinear heterogeneous vehicle
platoon to regulate vehicles to keep desired inter-vehicle
distances and a uniform velocity in [23]. In [25], a robust
coordinated control strategy is presented for a nonlinear
and heterogeneous platoon to ensure the platoon stability
and realize the control goal. The above-mentioned studies
concerning heterogeneous platoons primarily focus on the
heterogeneity resulting from the differences in vehicle model
parameters. Nevertheless, the heterogeneity problem arising
from differences in the orders of vehicle dynamics have
not been involved. In real traffic scenarios, vehicles within
the same platoon can exhibit heterogeneities and may have
different-order dynamics such as second- or third-order
dynamics, and this heterogeneity problem can be difficult to
address by the existing platoon control approaches. Hence,
itis significant and challenging to explore the control problem
for the mixed-order heterogeneous CAV platoon with the
vehicles containing a hybrid of second-order and third-order
vehicle dynamics.
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As the fundamental platoon control objective is that
all following vehicles can reach prescribed inter-vehicle
distances and track the velocity of the leader, a critical
issue of the objective is to ensure the individual vehicle
stability and the string stability. Within the platoon control
systems, string stability is a significant feature that indicates
the characteristic whereby vehicle spacing errors are not
amplified by their propagation in the platoon [28].

Many studies on the issue of string stability have been
introduced in [29], [30], and [31]. In [30], the safety-extended
distributed control method based on the model predictive
control is used in order to fulfill the platoon control
goal and guarantee string stability by exploiting vehicle
communication. In [31], under the platoon communication
topology, the Hy, optimal controller is implemented for
the platoon to realize the vehicle consensus and string
stability.

Unknown uncertainties and model nonlinearities existing
in the vehicle dynamics can have an impact on the whole
platoon, which can also affect the platoon stability and control
performance [32]. The impact of the unknown uncertainties
and nonlinearities on vehicle platoon systems has attracted
considerable attention [33], [34], [35], [36]. In [35], dis-
tributed network-based backstepping control schemes are
designed to solve the issue of unknown model parameters
within the vehicle platoon. For the platoon with uncertain
vehicle dynamics, a robust H-infinity control approach is
presented to enhance vehicle tracking performance and
ensure string stability in [36]. It is noteworthy that almost all
of the previously discussed works necessitate to obtain exact
information on vehicle dynamics. Nevertheless, acquiring
such specific details about vehicle dynamics presents great
difficulties in practical platoon systems. In addition, the
accurate acquisition of unknown uncertainties and model
nonlinearities in real-time can also be hard to achieve. There-
fore, it is imperative and of practical significance to address
the control problem for the mixed-order heterogeneous CAV
platoon with unknown uncertainties and model nonlinearities
in the absence of exact information of vehicle dynamics
parameters.

Following from the aforementioned discussions, this paper
focuses on the synchronization and tracking issue for
the heterogeneous CAV platoon with mixed-order vehicle
dynamics. The platoon investigated in this article is sub-
ject to unknown uncertainties, model nonlinearities, and
external disturbances. To fulfill the control objective and
reach the consensus among vehicles, the novel distributed
sliding mode (DSM) control strategies are proposed in
this paper. The suggested strategies guarantee the vehicle
error convergence in spacing, velocity, and acceleration
and ensure string stability of the platoon. To deal with
unknown uncertainties and model nonlinearities for the pla-
toon system, the distributed neural network-based adaptive
laws are formulated. The primary contributions are outlined
below.
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First, in practice, the actual vehicle platoon systems
are typically heterogeneous and may consist of following
vehicles with different-order dynamics. Compared with the
above-mentioned works that investigate the homogeneous
vehicle platoon [16] or focus on the problem of the
heterogeneity caused by different model parameters [23],
this article analyzes the control problem of the mixed-order
heterogeneous CAV platoon consisting of vehicles with a
hybrid of second- and third-order dynamics.

Second, obtaining the precise knowledge of vehicle
dynamics in the platoon can be hardly achieved in a practical
scenario. Unlike existing studies that make the assumption
that the dynamics for all following vehicles are known within
a platoon [34], [35], [36], in this study, the distributed neural
network-based adaptive updating mechanism is developed for
the mixed-order heterogeneous CAV platoon to approximate
unknown uncertainties and compensate for model nonlineari-
ties of the platoon system without acquiring exact knowledge
of vehicle dynamics.

Third, in order to ensure the convergence of vehicle
state errors and the string stability, the novel DSM control
protocols based on the platoon communication topology are
designed in this article for the mixed-order heterogeneous
CAV platoon. The Lyapunov technique and infinity-norm
method are used to demonstrate the boundedness of state
errors and the string stability, respectively.

The arrangement of this paper is presented below. The
description of the mixed-order heterogeneous platoon model
and the platoon control problem are established in Section II.
The mechanism of the neural network approximation is
introduced in Section III. The control strategy design for
the mixed-order heterogeneous CAV platoon is explored in
Section IV. The analysis of the convergence of state errors
and string stability is provided in Section V. In Section VI,
the numerical examples of the heterogeneous platoon are
presented. The conclusions and future research are outlined
in Section VII. The abbreviations and notations utilized
throughout this article are shown in Table 1.

TABLE 1. List of abbreviations and notations.

Abbreviation/Symbol Definition
CAV Connected and Automated Vehicle
DSM Distributed Sliding Mode
RBF Radial Basis Function
tr{-} Trace of a matrix
P>0 P is positive definite
o{} Set of singular values
a{-} Minimum of o{-}
a{-} Maximum of o{-}
|| Absolute value
[l Euclidean norm
Il Frobenius norm
01 Zero matrix in <!
RN Set of all N-dimensional real vectors
In Identity matrix
1y N-dimensional unit column vector
diag{...} Diagonal matrix
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Il. DESCRIPTION OF MIXED-ORDER PLATOON MODEL
AND PROBLEM FORMULATION

A. MIXED-ORDER VEHICLE DYNAMICS

This article considers a mixed-order heterogeneous CAV
platoon with N followers and one leader along the horizontal
driveline. Based on the majority of existing literature on
platoon control [22], the followers are modeled by second-
or third-order vehicle dynamics. The following vehicles
with third-order vehicle dynamics are represented by my =
{1,2,...,1} and others with second-order vehicle dynamics
are represented asm; = {/ + 1,1+ 2, ..., N}. All following
vehicles are denoted as M = {1, 2, ..., N}, and the leader of
the platoon is labeled as 0. The third-order vehicle dynamic
model is described as [23]

Xi1(8) = xi2(t)

Xio(t) = x; 3(2)

Xi3(8) = ¢i(x;) + ai(x;, Hu(t) + &

iem ={1,2,...,1) )

where x; 1(t), x; 2(t), and x; 3(t) denote the position, velocity,
and acceleration of the ith vehicle, respectively; x; =
[xi,1(8), xi 2(2), x,-,g(t)]T; ¢i(+) and «;(-) denote the nonlinear
unknown uncertainties and are locally Lipschitz; u;(¢) is the
control input; ¢; represents the unknown external disturbance.

The second-order vehicle dynamic model is described
as [37]

Xi1() = xi2(8)
Xin(t) = ¢i(xi) + ai(x;, Dui(t) + &
iem ={l+1,1+2,...,N} 2)

where X; = [x;1(2), xi2(2), 017. Without loss of generality,
one can make the assumption that o;(X;, #) > «; > 0, where
o; is the minimum value of o;.

Globally, the third-order vehicle dynamics in (1) can be
expressed as

X2(1) = x2(t)
X (1) = x3(1) 3)
X3(1) = "2 (x"™2) + "™ (1) + ¢

and the second-order vehicle dynamics in (2) can be globally
described as

Hxﬁi (1) = x2(1) @
() = ¢ME™) + oM u™ (1) 4 g™
where

o =[G Jerom =[50 e

x1(t) = [x11(0), x2,1(0), ..., xn 1 (O]

x2(1) = [x12(0), x22(0), . .., xn 2(D]

x3(1) = [x1.3(0), - .., x1.3(8), O sev—p)]” ;

u(t) = [ (), ua(0), ..., un (1"

P(¥) = [p1GD), p2(F2), ..., pv G5

=[x X2, ..., ;v
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o =diag{a1(x1, 1), ...,anGnN, D};
=1t 0, ... w1

Remark 1: Practically, the characteristics of vehicle
dynamics may be affected by numerous elements, including
frictional resistance, air resistance, road conditions, etc. Some
certain dynamics parameters of vehicles are time-dependent,
and the same parameters can exhibit variations among
different vehicle dynamics within a platoon. Furthermore,
in practice, the platoon may comprises vehicles with different
order dynamics. Thus, the mixed-order vehicle platoon
studied in this paper can be nonlinear, time-varying, and
heterogeneous.

Given that the leader needs to provide state information of
all orders as a reference for the follower vehicles, the leader
is therefore considered to be a third-order system as

Xo,1(t) = x0,2(1)
Xo,2(1) = x0,3(1) )
X0,3(t) = ¢o(xo, 1)

where xo,1(f), x02(f), and xp3(f) denote the position,
velocity, and acceleration of the leader, respectively; xo =
[xo,l(t),xo,z(t),xo,g(t)]T; ¢o(Xp, t) denotes the nonlinear
unknown function which is locally Lipschitz.

B. PLATOON COMMUNICATION TOPOLOGY

In a vehicle platoon system, the platoon communication
topology plays a key role as it governs the establishment
of communication links between vehicles. The commonly
adopted platoon communication topologies are mainly
categorized into: predecessor following (PF), predecessor-
leader following (PLF), bidirectional (BD), bidirectional-
leader (BDL), two predecessor following (TPF) and two
predecessor-leader following (TPLF) [23], which are shown
in Fig. 1.

To illustrate the communication among vehicles in the
platoon, the platoon communication topology is described by
G = {V,E}. G represents a directed graph, where V is a
nonempty node set and E € V x V is the edge set. (j, i) € E
signifies the connection of a edge from node j to node i,
which means that node i acquires the information from j.
The connectivity of G is represented by its adjacency matrix
A= [al-j] e RVN where a;j > 0if (j, i) € E and otherwise
aj = 0.N; = {j|(j,i) € E} indicates the neighboring
nodes set of node i, which implies that node i can receive
information from the nodes within N;, but not vice versa. The
Laplacian matrix can be described as L = [I;;] € ®¥*N . The
in-degree matrix is described by D = diag{d|, d>, ..., dn},
where d; = >N a;; [38].

A spanning tree is referred to as a subgraph of G that
encompasses every node within the graph [39]. If there
exists a route from the root node to all other nodes in G,
it indicates that G incorporates a spanning tree. Suppose that
the leader can solely send information to followers without
receiving any from them. The directional links between the
leader and followers are often described by the pinning
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FIGURE 1. Commonly used platoon communication topologies. (a) PF;
(b) PLF; (c) BD; (d) BDL; (e) TPF; (f) TPLF.

matrix. Then, the pinning matrix can be described as B =
diag {b1, by, ..., by}, where b; > 0 if the edge from the
leader to node i exists, and b; = 0 otherwise.

Assumption 1: We assume that G comprises at least a
single spanning tree, which means that each follower within
the vehicle platoon can directly or indirectly engage in
communication with the leader [23].

Lemma 1: As B is a diagonal matrix with nonnegative
elements, the matrix L + B is positive definite if the platoon
communication topology satisfies Assumption 1 [40].

C. CONTROL PROBLEM FORMULATION FOR
MIXED-ORDER HETEROGENEOUS PLATOON

In order to ensure that each vehicle in the mixed-order
heterogeneous CAV platoon maintains a prescribed spacing
with its predecessor and tracks the trajectory of the leader,
the platoon control objective for this study can be specifically
outlined below.

(1) Design the novel DSM control protocols for all vehicles
to ensure the error convergence within the mixed-order het-
erogeneous CAV platoon incorporating the vehicle spacing
policy and platoon communication topology.

(2) Each following vehicle keeps a desired distance with
its predecessors and synchronizes to all states of the leader.

(3) Design the distributed neural network-based adaptive
laws to approximate unknown uncertainties and compensate
for model nonlinearities of the heterogeneous platoon.

(4) Ensure the individual vehicle stability for each
following vehicle and the string stability for the mixed-order
heterogeneous CAV platoon.

The mixed-order heterogeneous CAV platoon studied in
this article is illustrated in Fig. 2, comprising N followers
and one leader. The spacing policy requires that each vehicle
maintains a constant desired distance with its preceding
vehicle, which is known as the constant spacing policy
(CSP) [41]. Define the desired inter-vehicle spacing between
neighboring followers in CSP as d > 0. Then, the ideal
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FIGURE 2. Mixed-order heterogeneous CAV platoon.

position for vehicle i is defined as
Xides(t) = x0,1(t)—i X d (6)

Then, the tracking errors of the ith vehicle are expressed as

i1 () = x; 1) — Xiges(t) .
[ win(t) = xia(t) —xpa(t) "~ €M
wi3(t) = x;3(t) — x0,3(t) i€ mp @)

where w; 1(t), pia(t), and w;3(¢) represent the position,
velocity, and acceleration error, respectively.

Then, the final control objective of this study can be
rephrased as

lim | xi1 — Xiges| = 0
oo VieM
lim ||x,‘,2 - xo,2|| =0
t——+00
lim ||x,"3 — X0,3 ” =0 Viem ®)

t—+00

That is, the final control objective is that the spacing
tracking error w; 1(¢) and velocity tracking error p; 2(t) can
reduce to zero for i € M = {1,2,...,N}, and the
acceleration tracking error ;3(t) can converge to zero for
iem ={1,2,...,1}.

The platoon communication topology can directly impact
the vehicle synchronization and string stability [23]. Based
on the CSP and graph theory, define the synchronization
errors of the heterogeneous platoon as

ein(t) = ajlx;1(t) — xi1(1)]
JjeN;
+ billXides(t) = xi,1 ()], i € M
ein(t) = D ajjlx;a(t) — xi2(1)]
JjeN;
+ bilxo2(t) — xip®)], ie M
ei3(t) = > aylx3(t) — x;3(t)]
JjeNs
+ bilxo 3(t) — xi 3()], i € mp )

where N denotes the third-order neighbors of the ith vehicle.
Then, the global synchronization errors can be represented as

e1(t) = —(L + B)[x1(t) — Xges(t)] = —(L + B)p1(¢)

ex(t) = —(L + B)[x2(t) — x02()1n] = —(L + B)uz(?)

e3(t) = —(L + B)[x3 (1) — x0,3()13*] = —(L + B)ua(r)
(10)
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where

e1(t) = [er1(t), e21(1), ..., en 1 (D] ;
ex(t) = [e12(t), e22(0), ... en 2D
e3(t) = [e13(t), ..., e13(t), Orxv—n1"s
pi(t) = 110, w21 (@), ..oy a1
p2(t) = [12(0), p2.2@0), ..., v 201
p3(t) = [pr13@), ..., w3@), O1xv—p1™s

Xdes(t) = [X1des(t), X2des(t), - - ., Xnaes(D]" .

To simplify the exposition, we will not detail the time-
dependence ¢ of the parameters within (10). Since x; =
X"+ x?, = x4+ x)2, the differential of (10) can be
expressed as

e1 = —(L + B)(X1 — Xges) = —(L + B)(x2 — x0,21n)
e = —(L + B)(a — %.21n)
= —(L+B)(x;" + %57 — X 21n)
= —(L +B)(xy" —x031y") +e3
é3 = —(L + B)(¥3 — x0313%)
= —(L + B)[¢"™ ") + a™u™ + ™ — ¢o(Xo)1y’]
(11)
Remark 2: The augmented graph is a graph that incorpo-
rates the leader node, and it can be described as G = |V, E],

E eV xV. According to Lemma 1, the main diagonal
elements of the matrix L 4+ B maintain nonnegative values,
and its non-diagonal components keep nonpositive values.

Lemma 2: Assume graph G consists of at least one
spanning tree. Then, according to (10), we have

|uill < llej]| /oL +B). j=1.2,3 (12)

Proof: According to Lemma 1, L+ B is positive definite.
In (10), we have ¢j = —(L + B)u;, j =1, 2, 3. Then,

pwi=—L+Be, j=1,2,3 (13)

Hence, the relationship between p; and e; can be described
as

Il =@ +B7| < |l /e +B). =123
(14)

Ill. NEURAL NETWORK APPROXIMATION

Neural network is commonly employed for the estimation
of unknown parameters and uncertainties in control systems.
Radial basis function (RBF) neural network is a type of
artificial neural network that use the radial basis function
as the activation function, which is known for its simplicity,
strong approximation capability, and efficient training pro-
cess. The primary advantages of the RBF neural network
include its ability to model nonlinear relationships effectively
and its fast convergence during the training phase [42].
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Therefore, the RBF neural network is used in this study to
address the problem of unknown uncertainties and model
nonlinearities. By designing the RBF neural network adaptive
approximation mechanism, this article aims to estimate the
nonlinear unknown uncertainties ¢;(x;) and «;(x;, t). Assume
¢i(x;) and «;(x;, t) are smooth and unknown. According to
the neural network approximation method mentioned in [43],
¢i(x;) and «;(x;, t) can be represented as

[ $i%) = Wj,04, (%) + &g,

_ _ ,ieM 15
ai(x;, 1) = WaT,.fpa,-(xi) + £ 1%

where Wy, and W,,; denote the ideal neural network weights;
@¢,; (%) and @y, (X;) represent the basis functions; X; is the input
of the network; &4, and &4, are the approximation errors.
W, Woy, 09,(Xi), @a;(X;) € R, 0; is the number of neurons
for node i. The selection of basis functions may include
options such as Gaussians, sigmoids, or hyperbolic tangents.

The basis function of the RBF neural network can be
described as follows.

- |57 = el
Pr(X;) = exp T I (16)
i

where ¢ denotes the coordinate value of center point; by
represents the width value; k € {1, 2, ..., 0;}.

Remark 3: According to the Weierstrass approximation
theorem, there exist a sufficiently large positive o} and a
compact set €2, such that for any o; > of, it is always
possible to find ideal Wy, W, and suitable ¢g,(-), @g,(-),
which makes (15) meet the requirement that maxz,cq |8¢i
and maxy,cq |eq,| are sufficiently small [44].

Define the approximation of ¢;(x;) and «;(x;, t) as

$i(%) = Wiep (), &k t) = Wlea(x)  (17)

where ¢A>i(A5ci) and A&i(fci, t) are the estimates of ¢;(x;) and
a;(x;, t); Wy, and Wy, are the estimates of weights.
Then, the global ¢(x) and « can be expressed as

OE) = Wi 0p(X) + 85, a =W, 0a(®) +2o  (18)

where
W¢ = diag{W¢l Sy W¢N};
=~ _ .. T (= T /= T = \7T.
Pp(X) = [@g, (X1), 9g,(X2), ..., g, (N1
T.
8¢ = [8¢1,8¢2,...,8¢N] 5
Wy = diag{iWq,, ..., Way )

0u(¥) = diag{el (1), ..., ol G} ;
gq = diagl{eg,, - . ., Eay}-
The global approximation ¢A>()?) and & can be described by
@) = W, 0p(®), & = W) ¢a(X) (19)
where ¢(¥) = [f1(R1), h2R2). ... owGWITs & =
diag{ai(x1, 1), ..., anCn, D} Wy = diag{Wy,, ..., Wey};
Wy = diag{Wy,, ..., Way ).

110136

Assumption 2: Define Wy,y = H Wy, HF, Waom = ” Wa,-| PR
Pp:M = MaXyeQ ”(%,(J_Cz)‘ s Qo;M = MaAXy;eQ ”‘Pot,(ffz)”
Then, there exist positive Wy, Wanr, @pm and @gur, such
that Wy |, < Wenr, IWallr < Wan. [|0p®)| < 0pm.
loa )l < @am. €4 and &y are bounded by ||£¢ H < &M
and |eqllp < &qm, where gy > 0 and g4y > O are the

fixed bounds [45].

IV. DESIGN OF DISTRIBUTED CONTROL STRATEGY FOR
MIXED-ORDER HETEROGENEOUS PLATOON

A. DSM CONTROL DESIGN

The design of the DSM control protocols for the mixed-order
heterogeneous CAV platoon is presented in this section.
Before proceeding with the strategy design, it is necessary
to make the subsequent assumptions [46].

Assumption 3: Based on the leader dynamics in (5),
the position, velocity, and acceleration are restricted by
lxo,1] < xo.m. |x02| = xo2m. |x03| =< x03m. where
X0,1M > X0,2M , X0,3m > 0. The unknown ¢y(Xo, ¢) is bounded
by |¢o(xXo, )] < ¢p, where ¢py > 0. The unknown
disturbances ¢ is bounded, such that ||| < ¢u, where
tym > 0.

There exist finite apy > 0 and & > 0, which are limited
by [lall < opr and |[&| < .

The control input u is constrained by [lul| < upy,
uy > 0[47].

Remark 4: Notably, the constraints specified in Assump-
tion 2 and Assumption 3 will not be employed in the
development of proposed control strategies but will be
utilized only for the demonstration of the stability.

The uniform ultimate boundedness [48] will be utilized in
the vehicle platoon system through the subsequent definition.

Definition 1: The tracking error wj(t) G = 1,2,3) is
considered to be cooperatively uniformly ultimately bounded
(CUUB) if there exists a compact set ; C RN, so that
for Yu;(to) € € there exists a bound B; > 0 and time
T;[Bj, w1(to), ma(to), u3(to)] such that ||u;(1)| < Bj, ¥t =
to+T; [49]. 1f 1 (1), pa(?), ua(t) are CUUB and x;, 1 (2), x;,2(1),
x;3(t) are bounded, the platoon consensus can be realized
within a limited time.

Define the distributed sliding mode surface for vehicle i
as [50]

Eriei1(t) +ein), iem

& iei1(t) + &3 e 2(t) + e 3(1), 20)

silt) = [ i€m
where &1;,£.,8,; > 0 are the design sliding mode
parameters and are selected such that the polynomial y2 +
&,y + & ;isHurwitzforVie M = {1,2,...,N}.

Remark 5: 1t is imperative to highlight that &; ;, &2 4, &3 ;
can be nonidentical for vehicles with mixed-order dynam-
ics. By choosing the parameter & ;, &, ;, &3; for different
vehicles, the flexibility in adjusting the performance of the
mixed-order heterogeneous CAV platoon can be enhanced
and the stability of the whole platoon can be guaranteed.
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Globally, the sliding mode surface can be described as
s(t) = s™M(@) + 52 ()
s = Alerl'”(t) + e ")
s (1) = A€} (1) + Azey? (1) + e3(r) 1)
where
NINSH
§2.1, O1x(v—n ks
€31, O1x(v—n)}-

A1 = diag{01xs, §1,141, - -
Ao = diag{éay, .. .,
=diag{&.1, ...,
To simplify the exposition, we will not detail the time-
dependence ¢ of the parameters within (21). Differentiat-
ing (21), one can obtain that
§=3§M 4"
s = A1e + ez
= A162 —(L+ B)()'le — X0, glml)
= A1e)' — (L + B)[¢" &™) 4 ™™
+ ™M — xo31y']
"M = Azérln2 + A3é’2n2 +é3
= 1\26r2n2 + Azes

— (L + B¢ (X™) + o™ u™ 4+ ™ — ¢o(X0) 1y’ ]
(22)
Define
E| = [61 62]
Ey=E =[é é] (23)

Since e] = €] + €], e2 = €' + ¢€,7, we have
pmy [ o o my
£ = [el ) ]

)
T
my m 0 Iy
=" ez'][_Al _IN:|
0 T
M - L+ BYE — x0,31x1)][ : }

E'Inz = [612 erznz]

= [ e]
T T
= [ &5 ] [_(1)\2 _1’1{3] +s’"2[ﬂ (24)

According to (23), one can obtain that

EY = E" = EM6l + (™ — )T
Ey? = B = E?0] +s™1" (25)
_ 0 Iy |, _ 0 Iy |
where 6 = [—A _IN],Qz = |:—A2 _A3i|,
0
=(L+B)(x" —xo3ly') 1 = it

Since 01,0, are Hurwitz, given any Bi, B2, there exist
positive definite matrixes Py, P; that satisfy

9 Py + Py = —prl, k=1,2 (26)
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Remark 6: According to Lemma 2, G comprises at least
one spanning tree, which indicates that there exists a directed
path from the leader to vehicles with both second-order and
third-order dynamics. Thus, it is reasonable to make the
assumption in this paper that G incorporates at least one
spanning tree for both the second- and third-order states
contained within the follower vehicles, respectively.

Lemma 3: According to Lemma 1, L + B is positive
definite. Define

q=1Iq1.q2.....qn1" =L +B) 'y,
P = diag{p;} = diag{1/q;}. (27)
Then, P is positive definite. Define
Q=P(L+B)+(L+B"P, (28)

Then, Q > 0 [40].
For the platoon system in (3),(4),
protocols are designed as

the DSM control
wit) = &li[csi(t> B NES)
+ [€1iei2(D]/@i(d; + by), i€ my
ui(t) = &ii[cs,-(r) AL ED)
+ [62,i€i2(1) + &3,i€i,3(1)] &idi + by), i€ my
(29)
where ¢ denotes the control gain. Globally, (29) becomes
&M (1) = es™ (1) — (W' g ™)
+ D+ B)” Ale (1)
"™ (1) = es™(1) — (W) g (F™)
+ (D +B) A1) + Ases()]  (30)
The control gain ¢ meets the requirement of

2 2
CG(Q)>y_+_+M 2% (31)
2N é
where y = @puo(P)5(A); X = @amumc(P)o(A); h =

ArpE(AD) + (AL v = ‘j,({;;i%‘; [G(AD) + 5 (A2) +

0 (A3)a(x)]; o(x) = o(diag{Az, Az}); B = min{fy, fo};
o (Pp) = max{c(P1), 5(P2)}; ng is defined in (34) and ng is
determined in (36).

B. DESIGN OF DISTRIBUTED NEURAL NETWORK-BASED
ADAPTIVE LAW
In this section, the distributed neural network-based adaptive
laws and singularity-free updating laws are developed to
approximate unknown uncertainties and compensate for
model nonlinearities of the mixed-order heterogeneous CAV
platoon system.

According to (15) and (17), define the approximation
errors ¢;(%;) and &;(X;, ) as

Gi(%) = i(x) — dilE)
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= (W} — Wi)ps ) + e,
= Wj.04.G0) + &9,

ai(X;, 1) = oi(x;, 1) — @i(%;, 1)
= (WL — WDee, () + &4,
= W, 00, (%) + €0, (32)
Then, (32) can be globally described as
PE) = (%) — ) = W) pp(X) + &4
d=a—a=Wo,X) + ey (33)
where
@) = [p1(F1), h2(X2), - .., v Gw)IT;
& = diagla|(x1, 1), ..., an Gy, D}

Wy = diag{Wep,, ..., Wgy}; Wy = diag{We,, ..., Wey ).

Assumption 4: Assume that &4 and &, are bounded by
H8¢ H < egm and |lgq|l < eqm, where gy, &, are the fixed
bounds and &gy, gy > 0. ¢ is restricted by |le]| < ey, where
EM = E¢M T EaM [48].

The neural network-based adaptive law for the ith vehicle
is established as

W, = —Go,lpg, GsiOpi(d; + bi) + ngWy,l, i€ M

(34)

where Gy, > 0 is the parameter to be designed; 7y is the
positive gain. Globally,

Wy = —GylopGs” (OP(D +B) + Wyl (35)

where Gy = diag{Gy,, ..., Ggy}.
Design the neural updating law as [44]

— G [0, Eui()si(Opi(d; + bi) + 0o Way 1,
ifa; > «;

— Gy [ e G)ui(0)si(Opild; + by) + 1a Way 1,
if6; = a;and[ @, &)ui(Dsi(Opi(d; + b;)
10 We,1 < 0

0, ifa; = a;and[y, (%)u;(t)si(t)pi(d; + b;)
+naWai] >0

Waiz 4

(36)

where Gy, ng > 0.

V. STABILITY ANALYSIS
A. ANALYSIS OF PLATOON SYNCHRONIZATION AND
ERROR CONVERGENCE

Theorem 1: Consider the mixed-order heterogeneous
CAV platoon system consisting of the following vehicles
described by (3), (4) and the leader described by (5)
under Assumption 1 - Assumption 4. Use the DSM control
protocols (29), neural network-based adaptive laws (34), and
updating laws (36) for the platoon control system. Then, there
exists 0; > 0 such that for 0; > 0;, the synchronization errors
e1(t), ex(t) are ultimately bounded for Vi € M, e3(t) are
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ultimately bounded for Vi € my; the state errors w1 (z), wa(z),
and p3(f) are CUUB. In addition, for any ¢ > g, x; 1(), x; 2(¢)
are bounded for Vi € M, and x; 3(¢) is bounded for Vi € my.
All followers can track and reach synchronization with the
leader within the finite time.

Proof: To simplify the exposition, the explicit represen-
tation of x and ¢ within the parameters will not be described.
Then, (22) can be described as

P = Arey — (L +B)[g™ + "™
+ (Aml mj _ &ml uml )]
—(L+B)[™ —x031y']
= A1y — L+ BP™ +a"u™ + &™)
— (L +BI™ —x031']
§" = Azerzn2 + Ajzes
_ (L + B)[¢m2 + am2um2 + (&mZMmZ _ Am2um2)]

— (L4 B)[{™ — dol)’]
= Azey? + Azes — (L + B)[¢"™ + & u™ + & u"™]
— (L +B)[™ — ¢oly’] (37)

Using (18), (30) and (33), the above equation (37) can be
written as

P = My — (L + B ¢! +eg! +a"u™]
— (L +B)les™ — Wy ¢}' + (D + B)"' Arey']
—(L+B)E™ —x031y']
=—(LABIW ¢ e + W gy
— (L +B)es™ +¢™ — x0,31N1]
+AD+B) Ay
§ =Ny + Azes—(L + B)(Wy ) 05 +e4% + &"™u™]
— (L + B)les™ — Wy 9 + ™ — goly?]
— (L 4+ B)(D + B) (A2} + Ases)]
=—(L+ By 0y e +Wo) ¢2u™ +4%]
— (L +B)[es™ + ™ — gol ]
+AD + B) " (A2eh? + Azes) (38)

ml + 8(’)[”1]

Define the Lyapunov candidate as
17 | A LWl -1
V= 75 Ps + Etr{W¢> Gy Wy} + Et”{Wa G, W}
1
+ S tr{E]" P (EMT + E*PyE]™T (39)

Let Vy, = %STPS, Vo, = %IV{W(ZG;IWM +
Str{WIG Wb, Ve = Aer{E" PLE)T + E[? P2 (E™)T).
Then, the differential of V, can be described as

Vy=s! Ps
_ (Sml )TPml oMy + (sz)Tszj,mg
=" PML A+ B 0! + ef']
— TP+ B o™ el
— (") P"(L + B)les™ + ™ — xo31)']
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— (") P+ B(Wy™) o) + e}
— (") P™(L + B)I(Wy) g2 u™ + €]
— (") P™[es™ + 1™ — doly?]
+ (") PMAD + B) " Ay
+ (") PAD + B (A2eh? + Ases)
= —cs" P(L + B)s — s" P(D + B)W 9y + 5" PAW] ¢
—s'P(D + B)V~VaT<pau + sTPAWaT(pau
_ (sm1 )TPml(L +B)[8$1 + 8?1 + é-m| _XO,Slxl]
_ (smz)Tsz(L +B)[Sgl2 4 8;"2 + sz _ ¢01%2]
+ (") PMAD + B) " A€y
+ (™) P™MAD + B) " (A2e)? + Azes) (40)
As a result of the fact that x”y = #r{yx”}, according to
Lemma 3, one can obtain that
. 1 -
V, = —EcsTQs — tr{W ¢gs’ P(D + B)}
— tr{Wlg,us” P(D + B)}
+ tr{W¢T¢¢sTPA} + tr{WaTwausTPA}
— (") P"UL 4 B)ley! + el 4™ = x0,313']
_ (sz)Tsz(L + B)[eglz + 8212 + é.mz _ ¢011"\}2]
+ (") PMAD + B) " Al
+ (") PAD + B) " (A2 + Azes) (41)
According to (33), differentiating V, yields
Vo =tr{Wj G,' W} + r{W] G, ' W}
= 1r{W] G, Wy — W)} + tr{W, G ' (Wo — W)}
= —zr{Wquglm} —tr{WIG, ' W,) (42)
According to (25), the differential of V, can be expressed
as
Ve = tr{Ey" PyE™T + ES2Py(E™)T)
= tr{[E{"0] + (™ — a)I"IP1(ET))
+ tr{(E}20] + s™1T)Py(EY™)")
= tr{E)" 0] Py E™T + E{™0] Py(E]™)T)
+ir{s™ 1T PLET™)T 4+ ™17 Py(ET™)T )
— tr{wl" PyE™T) (43)
Then, combining (41), (42) and (43), V can be described
as

po_1 T0s — tr{W [pgs” P(D + B) + G5 ' W1}
= 2CS N ) PpS P 1)

— (W [gqus” P(D + B) + G ' Wa1)

+ tr{V~V¢T¢¢sTPA} + tr{WaT(pausTPA}

— (") P™(L + B)le)" + et + ™ — x0313']
— (") P™(L + B)ley? + &3> + ¢ — goly’]
+ (") PMAD + B Arey!
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+ (") PAD + B) "' (A2€)? + Azes)

+ o {EMOT PLE™)YT + EM6I Py(E™) )

+tr{s™IT P, (E{nl)T + szlTPz(EIm)T}

— tr{wIT PL(EM)T) “44)

Using the adaptive law (34) and updating law (36), (44)
becomes

V= —%csTQs + tr{VNVd)T<p¢sTPA} + tr{WaTgoausTPA}
_ (sm1 )TPm1 (L —G—B)[Sgl + SZEI + é-ml _XO,SI%I]
— (") P"™(L + B)ley? + €3> + ¢ — doly’]
+ (") PMAD + B A
+ (") PAD + B) "1 (A2€)? + Azes)
+ tr{E{ 0] PLETT + E{™0] Poy(E™)T)
+ tr{s™ 1T PyETT + 51T Py (E™)T)
— tr{w " PL(ET)T) + tr{W, ng W)

+tr{WgnaWa}, ifa; > q;
+tr{WIne Wy}, if& = a;and

e Goui)si(0piC; + bi) + 10 Wey 1 < 0
—tr{W! gqus" P(D + B)}, ifa; = a; and
[@o; xDui(t)si(Opi(d; + bi) +neWe,] > 0
45)

Considering that tr{ny Wy} > —tr{pqus’ P(D + B)},
if [@o, (X)ui()si()pi(d; + bi) + neWy;] > 0, one can write
tr{WaTnaWa} > —tr{WaT(pausTP(D + B)}, if & = o; and

(@, G ui(1)si()pi(d; + bi) + 11g Wei ] > 0
(46)

Then, we have

1% < —%csTQs + tr{W(pT(p(psTPA} + lr{WaT(pausTPA}
+ ngtr (W (Wy — W)} + natr{Wy (We — We)}
— (") P"(L + B)ley! + ey + ™ — x051y']
— (") P™ (L + B)ley? + e3> + ™ — goly’]
+ (™) PMAD + B) ' Ays™
+ (") P™AD + B) ' Azs™

— (") PMAMD + B ATE" ! 0] I

00
moN\T pmy —1 pma
+ (™) PmAD + B)'E! [0A2:|12

_(sz)TszA(D+B)_1A3E;n2 Ay O 1,
0 Az

+tr{E 0T P (EYT + E0] PyE™)T)
+ (s 1T PUE™)T 4 ™1 PaET™)T)
— tr{wl" PyE)T) 47)
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According to the boundedness in Assumption 2 - Assump-
tion 4, taking norm on (47), one can obtain

. 1 ~ ~ 2
V = —3ca(QIsI® + nWou | W | = o | W

~ 12
Wy

+ 1o Wam ” Wa

—
F F

+ oo PTA) sl |y |

+a(P)a(L + B)Fy |isl|

o(Po(A) _ _ 2
m[U(Al) + o (A3)]llsl]
F(P)5(A)

o(D+ B)
1
—5BIE 17 + 5P Il IE1 |17

+ (L + BYo(P) | ém + aprun + Su +x03m | |E1 1
(48)

[6(AT) +5(A2) +T(A3)T GO sl IE: || 7

where Fyy = ey 4 Sm 4 dom + X0,3Mm5 EM = EpM + Eam -
According to (31), (48) can be described as

V<—rTvr4+9Tr=-v, (49)
where
2CO’(Q) —h y _'>\ __[U(Pm)+v]
ng 0 0 .
0 1y 0 ’
——[a(Pm)—i-v] 0 0 £
T
r=[ st | Wa W], 1E00F]

= [a(PYF@L + B)Fu ngWemr naWerr ¥ ]
Y =G (L + B)a (Pw) |dm + emruns + tv + xo,3m || -

Then, V, is positive definite when the subsequent condi-
tions are satisfied.

(1) W is positive definite; (2) ||| > %

According to Sylvester’s theorem in [48], if W is positive
definite, the following inequations should be satisfied.

1
° Ecg(Q)—h >0
Leo(@ —h— 150

° 1y zcg 4y >

1 1
—h] — Z’lqb)\z - Z’Ia)’z >0

1 1
-~ 2_ g 32

] Sﬁnay Sﬁnd)

1
. ’7¢7Ia[§C£(Q)
1 1
. EEUWM[ECQ(Q)
1
= 3 16Ma[0(Pm) + V2 >0 (50)

Solve the above inequations, we can get condition (31),
which indicates that ¢ does exist and the proper control gain
can ensure the individual vehicle stability and the stability of
the overall platoon.
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Define Z; as

Pl Fuo(Pya(L + B) + npWem + naWam + ¥
o) a(¥)

(S

Then, if ||r|| > JT > U‘(L“ holds, under condition (31),
one can obtain that B

V<V, Yrll > Zs (52)

where V, is positive definite.
According to the Lyapunov candidate (39) and Refer-
ence [49], we have

a@)|r* <V <aD)]r|? (53)
where

© = diag {a(P)/2,1/25(Gg), 1/26(Ga). o(Pm)/2}

I = diag {7(P)/2,1/20(Gy), 1/20(Ga), 5(Pw)/2}
(54)

Based on Theorem 4.18 in [51], it follows that for any r(#y)
there exists a T such that

o’
ol < |/ ((G)))Zd, Vi > 10+ T (55)

Define 6 = min),|>z,V,. Then, we can obtain

= 2
p Y —707; 56
1)

Therefore, (55) implies that the synchronization errors
e1(t), ex(t), e3(t) and approximation errors W¢, Wa are
ultimately bounded. Meanwhile, according to Lemma 2,
u1(t), ma(t), ms(¢t) are CUUB, which indicates that the
platoon synchronization and the leader tracking for all
vehicles is realized in the finite time.

Next, the boundedness of x; 1(f), x;2(¢), and x;3(t) for
Vt > to can be proved as follows. From (39), one can write

V< —a(Wlrl*+ 121 7 (57)
According to (53) and (57), it follows that

d(WV) -

RECONA
da — 20 (")

2/0(0)

Then, under Corollary 1.1 in [52], V(¢) is bounded for
vVt > ty. By (39), we have Isl? < 2V(t)/g(P), which denotes
that s(¢) is bounded. Meanwhile, xo 1 (), xo,2(¢), and xp 3(¢)
are bounded by xo,1p, X021, and xp 3p in Assumption 3,
respectively. Then, x; 1,x;2 fori € M and x;3 for i € mp
are bounded V¢ > fq. The proof of Theorem 1 is done. [ ]

(58)
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B. STRING STABILITY ANALYSIS

In this section, the string stability of the mixed-order

heterogeneous CAV platoon is proved by employing the

approach presented in [53]. Before string stability analysis,

the necessary definition and lemma are presented as follows.
Lemma 4 (Barbalat Lemma): If f(t): @ — N is a

uniformly continuous function for + > 0 and tl_l)rgo fot f(o)

dt < oo, then hm f(t) = 0 [54].
Definition 2 The platoon system in (1),(2) is string stable
if given any ¢ > 0, there exists a ¢ > 0 such that [29]
|1, <& = supuiiO], <¢ (59
Theorem 2: Consider the mixed-order heterogeneous
CAV platoon consisting of the following vehicles with
third-order dynamics in (1) and second-order dynamics in (2).
Under the proposed control protocol (29), the heterogeneous

platoon is string stable in accordance with Definition 2.
Proof: According to (7),

i1 (1) = x;1(t) — Xiges(t) = x;,1(t) — x0,1(t) +i-d  (60)

Then, we can obtain

i 1(t) = X 1(8) — Xiges(t) = x;,3(t) — x0,3(t), Viemp
(61)

Given the fact that x; 3(¢) and xp 3(¢) are bounded, it implies
that [i; 1(t) € Lo for Vi € my. And, we can also obtain that

i 1(t) = X 1(8) — Xiges(t) = X 2(t) — Xo,2(2), Viem
(62)

Given the fact that x; 2(¢) and xg 2(¢) are bounded, it follows
that the derivations of x; 2(¢) and xp 2(¢) are bounded, which
indicates that ji; 1(t) € Lo for Vi € my. Therefore, j1; 1(¢) is
uniformly continuous for Vi € M.

Furthermore,

/0 i1 (O]dt = [i1(00)] = [pia @] <00 (63)

According to (63), one can obtain that 1; 1(z) € L.
Therefore, it has tgrgo fi,1(t) = 0 according to Lemma 4.
Thus, it has f;1(f) € L. Likewise, since u;1(0) = 0, one
can obtain that u; 1(t) € L£;. Therefore, one can further obtain
tE)m i 1(t) = 0 according to Lemma 4.

If ¢ > 0, then ||,u,-,1(0)||oo = sup; |M,-,1(O)| =0 <
In addition, consider that tl_l)rgo wi1() =0, n;1(0) = 0, and

wi1(t) € La. Therefore, Y,k > 0, s.t.  sup; |u,-,1(t)| =

1€[0,00)
Y < k fort € [0, 00). Consequently, string stability of the

mixed-order heterogeneous CAV platoon with the developed
control protocol (29) can be guaranteed according to (59).
The demonstration for Theorem 2 is completed. [ |
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TABLE 2. Parameters of the mixed-order heterogeneous CAV platoon.

Vehicle | 7;(s) M;(kg) Ka4(N) &  dw Ri(m) f 8
1 0.55 1837 0.385 — 100 — — —
2 — 1495 0.43 0.85 — 0.28 0.02 9.8
3 0.52 1764 0.385 — 110 — — —
4 — 1545 0.43 0.85 — 0.29 0.04 9.8
5 0.48 1688 0.385 - 120 — — -

VI. NUMERICAL EXAMPLE

The numerical examples are utilized to validate the cor-
rectness and efficacy of the developed control strategies in
this section. We consider a mixed-order heterogeneous CAV
platoon including one leading vehicle and five following
vehicles (M = 5), where followers 1, 3, 5 have third-order
dynamics and followers 2, 4 have second-order dynamics.
The vehicle dynamics of the leader contains full state
information. All followers are required to track the position
and velocity of the leader, and the third-order followers
should additionally track the acceleration of the leader. It is
clear that the existing cooperative platoon control methods
can hardly address the control issue of this vehicle platoon.
The dynamics of the second-order followers are described as

[x’*l:x’*z ic2 4
9

Xi2 = Qep2(X;) + orgpa(Xu; + 52,
and the dynamics of the third-order followers are

Xi1 = Xi2
)'Ci’z = X3 i€ 1, 3, 5
xi,3 = ¢sp3()_ci) + asp3()_ci)ui + 3.

where gpo(Xi), Gsp3(Xi), Asp2(Xi), asp3(Xi), ¢2,i, and &3 ; are
given by

¢sp2(x1) = X, 2
M;
2K ji Kii » 1
Psp3(xXi) = _V[XZ 2Xi3 — mxi,z - —lxz 3
sp2\Ai MR; s sp3\Xi M,
dmi
§2.i =f-g 83,i = M,

where t;, M;, Kgi, Gi, dmi, Ri, f, and g are the engine time
lag, vehicle mass, aerodynamic drag coefficient, mechanical
efficiency of the driveline, mechanical drag, radius of wheel,
coefficient of rolling resistance, and acceleration due to
gravity of the ith vehicle, respectively [23], [55]. Table 2
lists the model parameters of the heterogeneous CAV platoon
with mixed-order dynamics. It is worth mentioning that all
parameters for the mixed-order vehicles are considered to be
unknown.

Fig. 3 shows the PLF platoon communication topology
for the mixed-order heterogeneous CAV platoon. There is no
doubt that the communication topology meets the conditions
outlined in Assumption 1.
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— o (mm B <« M « s
ee. oo @ _®

0 (leader)

FIGURE 3. Communication topology for mixed-order heterogeneous CAV
platoon.

The desired spacing d is 3.5m. The initial positions of
the leader and followers are determined to x¢ 1(0) = 30m,
x;1(0) = (30—i-d)m, i € M, respectively. The initial weights
of the neural network are randomly selected within the range
of 0 and 0.1 [11].

Example 1: In this example, the leader of the platoon
maintains a constant velocity and follows the trajectory
outlined below.

x02(t) = 2m/s, 0s <t < 80s

The initial state of followers are respectively denoted as
x,1(0) = (30—i - d)m, x;2(0) = 3m/s, x;3(0) = Om/s?,
i eM [56].

Example 2: In this example, the acceleration of the leader
is considered to be variable, and its trajectory is defined as
follows.

Om/sz, 0s <t < 10s
0.2¢ m/s2, 10s <t < 20s
—0.2t m/s?, 20s <t < 30s
x0.3(t) = { 0m/s?, 30s <t < 40s
—0.1f m/s?, 40s <t < 50s
0.1 m/s?, 50s <t < 60s
| O m/ s2, otherwise.

The initial state of followers are respectively defined as
x1(0) = (30—i - d)m, x;2(0) = Om/s, x;3(0) = Om/s%,
i € M [56].

The DSM control protocols (29), distributed neural
network-based adaptive laws (34), and neural updating
laws (36) are implemented in both of the two examples.
The parameters in the distributed mixed-order platoon control
strategies are ¢ = 560, Gy, = 10000, ny = 0.0001,
Gy, = 0.0001, no = 30. Then, the control results of the
mixed-order heterogeneous CAV platoon are represented in
Figs. 4-13.

For Example 1, as shown in Fig. 4 - Fig. 8, each vehicle
within the platoon is able to keep a predefined spacing d
with its adjacent vehicles and eventually achieve velocity
synchronization with the leader. It is presented in Fig. 4
that the trajectories of all vehicles exhibit no intersections or
overlaps, which indicates that there are no vehicle collisions
occurring under both transient conditions and steady-state
conditions. It is shown in Fig. 5 that the velocities eventually
converge to that of the leader within 15s. For the third-order
vehicles 1, 3, and 5, the accelerations of these vehicles can
be measurable. In Fig. 6, given the difference in velocity
between the followers 1, 3, 5 and the leader, there are
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FIGURE 4. Position tracking of the platoon vehicles for Example 1.
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FIGURE 5. Velocity tracking of the platoon vehicles for Example 1.
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FIGURE 6. Acceleration tracking of the platoon vehicles for Example 1.

significant accelerations in the initial stage for the third-
order followers, and the initial accelerations rapidly decrease
and converge to zero. Fig. 7 and Fig. 8 show the spacing
and velocity errors of the followers, respectively. It can be
noticed that the state errors in both spacing and velocity
are capable of rapidly converging to zero within a finite
time. Furthermore, Fig. 7 illustrates that the amplitude of the
spacing errors p; 1(¢) gradually decreases, which indicates
that the mixed-order heterogeneous CAV platoon can achieve
string stability.

For Example 2, as shown in Fig. 9 and Fig. 13, the
trajectory of the leader can be segmented into periods of
acceleration and deceleration. Although the acceleration of
the leader is variable, the developed control strategies can still
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FIGURE 9. Position tracking of the platoon vehicles for Example 2.
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FIGURE 10. Velocity tracking of the platoon vehicles for Example 2.

realize the consensus of the mixed-order heterogeneous CAV
platoon. It is shown in Fig. 9 and Fig. 10 that all following
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FIGURE 11. Acceleration tracking of the platoon vehicles for Example 2.
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FIGURE 13. Velocity errors for Example 2.

vehicles are capable of effectively tracking the leading
vehicle and keeping a desired spacing with neighboring
vehicles in both the acceleration and deceleration phases.
From Fig. 10 and Fig. 11, it is revealed that the velocity and
acceleration of the third-order followers can rapidly converge
to the corresponding states of the leading vehicle. The spacing
errors and velocity errors of the followers are illustrated in
Fig. 12 and Fig. 13. It is shown that for each vehicle in the
platoon, the amplitudes of both the spacing and velocity error
gradually decrease and are able to converge to the vicinity of
zero in a short period of time. It is obvious in Fig. 12 that
the mixed-order heterogeneous CAV platoon is string stable
in Example 2.

To summarize, the novel DSM control protocols (29),
the neural network-based adaptive laws (34), and the
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neural updating laws (36) can enable all followers within
the mixed-order heterogeneous CAV platoon to track the
trajectory of the leader and maintain the desired spacing. The
proposed control strategies can realize the control objective
and guarantee the error convergence and string stability.

VIl. CONCLUSION

This study has resolved the synchronization and tracking
problem of the mixed-order heterogeneous CAV platoon con-
sisting of vehicles with second-order and third-order dynam-
ics, whereas existing literature cannot resolve this problem.
Compared to the existing studies, the novel distributed control
methods have been developed for the heterogeneous CAV
platoon comprising vehicles with mixed-order nonlinear
dynamics, unknown uncertainties and external disturbances.
To guarantee the error convergence in spacing, velocity,
and acceleration of vehicles and string stability, the novel
DSM control strategies based on the platoon communication
topology are developed in this paper. The proposed control
strategies do not need to acquire precise information of
vehicle dynamics. In addition, the new distributed neural
network-based adaptive updating mechanism is proposed
to approximate unknown uncertainties and compensate for
the model nonlinearities. The ultimate boundedness of
state errors are proved by the Lyapunov approach. The
infinity-norm method is utilized to demonstrate string stabil-
ity of the heterogeneous platoon. To validate the effectiveness
of the developed platoon control strategies, the numerical
examples are presented in this paper. In future research, the
influence of the switching communication topologies and the
problems of fault-tolerant control for mixed-order platoon
will be further investigated.
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