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Platoon Control of Connected Multi-Vehicle
Systems Under V2X Communications:

Design and Experiments
Yongfu Li , Member, IEEE, Wenbo Chen, Srinivas Peeta , and Yibing Wang , Member, IEEE

Abstract— This paper focuses on platoon control of multi-
vehicle systems in a realistic vehicle-to-vehicle/vehicle-to-
infrastructure (V2V/V2I, or V2X) communication environment.
To this end, the communication probability of the beacon trans-
mission is analyzed based on the carrier sense multiple access
with collision avoidance (CSMA/CA) mechanism. Then, a new
car-following model is proposed by considering the communi-
cation probability to capture the car-following behavior of con-
nected vehicles (CVs) equipped with V2X communications. The
stability of the proposed car-following model is analyzed using
the perturbation method. In addition, a nonlinear consensus-
based longitudinal control algorithm is designed by considering
the interactions between CVs, and an artificial function-based
lateral control algorithm is presented. The convergence of the
longitudinal and lateral control algorithms is analyzed using the
Hurwitz stable theorem and Lyapunov technique, respectively.
Also, the string stability of the vehicular platoon is performed
based on the infinity-norm method. Finally, field experiments are
conducted using four CVs under the scenarios of platoon forming,
vehicle merging, and vehicle diverging. The results verify the
effectiveness of the proposed method in terms of the trajectory
and velocity profiles.

Index Terms— Connected vehicle, platoon control, beacon
transmission, car-following model, stability and consensus.

I. INTRODUCTION

PLATOON-BASED driving patterns have the potential
to mitigate traffic congestion, increase road through-

put, and reduce energy consumption. Platoon efficiency
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can be enhanced by the emerging vehicle-to-vehicle and
vehicle-to-infrastructure (V2V and V2I, or V2X) communi-
cations [1]–[7]. Platooning is referred to vehicles traveling
together with a harmonized velocity and a small inter-vehicle
gap, in which the close distance between vehicles leads to
a decreased aerodynamic drag and an increase road capacity
[8]–[9]. Consequently, many studies have been proposed in
recent years related to platoon control [10]–[16]. The main
idea of these studies from the control theory perspective is to
treat each vehicle in the platoon as an individual agent and
then design control algorithms involving the inter-vehicle gap
and velocity to reach a consensus state. Many studies have
addressed single lane discipline-based control algorithms that
focus on the longitudinal dynamics. However, these control-
focused studies have one or more of the following limitations:
(i) they do not focus adequately on car-following interactions
between vehicles, (ii) they do not consider the maneuvers
of merging and diverging, (iii) the algorithms are verified
primarily using simulation rather than real-world data, and
(iv) their V2X connectivity assumptions can be idealized.
However, from a real-world perspective, not only should the
consensus of vehicles be ensured, but also the behavior of
vehicles should be consistent with traffic flow principles.
Hence, there is the key need to study platoon control with
a focus on the interactions between vehicles. Further, there is
the critical need for field data that can reflect realistic V2X
communications.

This study is motivated by the need for a practical control
strategy under the connected environment to fill the afore-
mentioned gaps related to platoon control. In recent years,
several studies investigated the effects of control strategy and
communication topology on platoon control. In the control
strategy context, Ghasemi et al. [17] proposed a double layer
control framework, including a feedback linear controller and
a proportional derivative controller, to analyze platoon control.
Guo et al. [18] proposed a distributed adaptive integrated-
sliding-mode controller for vehicle platoons. Dunbar and
Caveney [19] proposed a distributed receding horizon control
for vehicle platoons, with emphasis on stability and string
stability. Bernardo et al. [20] presented a distributed con-
trol protocol considering time-varying heterogeneous delays.
Recently, Li et al. [21] proposed a robust acceleration tracking
control. Yu and Liu [22] designed a distributed controller for
each follower, and the leader-follower formation is achieved
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while satisfying velocity constraints. Defoort et al. [23]
developed a coordinated control based leader-follower
approach to achieve formation maneuvers. However, these
control strategies focus on the longitudinal control of vehicle
platoons, but less so on lateral control. Accordingly, they do
not investigate the effects of the maneuvers of merging and
diverging on platoon control.

In the context of consensus-based control, Su et al. [24]
proposed an output feedback consensus algorithm.
Qin et al. [25] analyzed the leader-following consensus
in various settings. You and Xie [26] provided the necessary
and sufficient conditions for the consensus of a multi-agent
system. Zhang et al. [27] investigated the discrete-time
optimal consensus control problem for multiple vehicles.
Zhang et al. [28] proposed two observer-based event-
triggered control protocols. These studies focused on single
lane discipline-based consensus with respect to the vehicle
position and velocity in the platoon. Li et al. [29], [30]
proposed nonlinear finite-time consensus-based control
strategies and consensus-based cooperative control for
connected vehicles (CVs). However, they ignore the car-
following interactions between vehicles, which should be
ensured for consistency with traffic flow principles.

From the perspective of communication topology, under
the V2X communications context, Seiler et al. [31] pro-
posed a control strategy considering the spacing information
with respect to both its immediate predecessor and follower.
Zheng et al. [32] analyzed the stability and conducted sim-
ulations for some commonly-used communication topologies
(e. g., two-predecessors following topology). Jia and Ngoduy
[33] proposed a V2X communications topology for a coop-
erative driving system. Zheng et al. [34] analyzed the stabil-
ity for a platoon connected through undirected information
flow. However, these studies not only require communication
links between the lead vehicle and following vehicle but
also each pair of vehicles in the platoon, which increases
the communication burden and deteriorate communication
efficiency. In addition, these studies verify the performance
using simulation only. They do not provide field experi-
ments under realistic V2X communications to validate the
analysis.

Motivated by the need for realistic V2X communications,
this study seeks to design and implement connected multi-
vehicle platoon control so as to ensure consensus while captur-
ing the characteristics of CVs in the platoon. The contributions
of this study are as follows:

(i) Related to car-following behavior of CVs under V2V
communications, a new car-following model is proposed
by considering the communication probability of the
beacon transmission. The stability of the proposed car-
following model is analyzed using the perturbation
method.

(ii) Differing from the linear consensus-based control algo-
rithms in [24]–[28] and [30] which only analyze longi-
tudinal consensus and ignore the car-following behav-
iors between vehicles, this study proposes a nonlin-
ear consensus-based longitudinal control algorithm that
factors the car-following interactions between CVs.

TABLE I

DEFINITIONS OF SOME COMMON SYMBOLS

In addition, an artificial function-based lateral control
algorithm is also designed.

(iii) The string stability of the platoon is performed based
on the infinity-norm method. It can guarantee the atten-
uation of spacing error when moving away from the
platoon leader.

(iv) In the performance evaluation context, field experiments
are conducted for the scenarios of platoon forming,
vehicle merging, and vehicle diverging using four CVs
equipped with V2X devices (i.e., on-board unit/roadside
unit (OBU/RSU)).

The remainder of this paper is organized as follows: Section II
investigates the car-following behavior. Section III presents
the platoon control strategy. Section IV discusses the field
experiments conducted and their results. Concluding remarks
are provided in Section V.

II. MODELING THE CAR-FOLLOWING BEHAVIOR

This section presents the communication topology, bea-
con transmission analysis, car-following model, and stability
analysis of a connected multi-vehicle system under V2X
communications. In addition, Table I summarizes notations for
some widely-used symbols in this paper.

A. Communications Topology

This study considers a vehicle string consisting of N vehi-
cles traveling on a straight road that includes a leader (labeled
vehicle 0) and N-1 followers (labeled vehicles 1 to N-1).
To balance communication efficiency and resource burden,
we use the bidirectional-leader following (BDLF) commu-
nication topology to characterize the connectivity between
vehicles under the V2X context. That is, every follower in the
string has access to the real-time information (i.e., position
and velocity) of only the leader. Further, the leader can obtain
information from each follower through V2V communications.
In addition, the follower has access to the local information
of its immediate predecessor via a sensor (e.g., visual sensor).
Fig. 1 shows the details of the BDLF communication topology.
It is important to note here that in this study the RSU focuses
on the selection of the leader, but does not affect the behavior
of vehicles.

To specify the BDLF topology, a weighted directed graph
G = (V , E, B) is used in this study, where V =
{0, 1, · · · , N − 1} is the set of nodes, E ⊆ V × V is the set of
edges, and B is a weighted adjacency matrix with nonnegative
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TABLE II

ADJACENCY MATRICES FOR TOPOLOGIES RELATED TO THREE SCENARIOS

elements. Here, bi j = 1 if vehicle i has access to the infor-
mation of vehicle j via sensor and/or V2V communications;
otherwise bi j = 0. For example, according to Fig. 1-a-(3)
(right) as vehicle 1 can obtain information from vehicle 0 via
sensor and/or V2V communications, the corresponding value
in matrix (f) of Table II is b10 = 2. In addition, we assume
there are no self-loops in the digraph, i.e., bii = 0.

Define B = C + D, where matrices C = [ci j ]N×N and D =
[di j ]N×N are adjacency matrices with nonnegative elements as
well. ci j > 0 and di j > 0 imply that vehicle i can obtain the
information of vehicle j via sensor (e. g., visual sensor) and
V2V communications, respectively; otherwise, ci j = 0 and
di j = 0. Matrix � is defined as � = diag(γ0, γ1, · · · , γn−1),
where γi = di j ∧ d j i , j = 0.

B. Beacon Transmission Analysis

Under the V2X context, the beacon is used to periodically
disseminate vehicular information such as position, velocity,
and direction. In this study, the CSMA/CA mechanism is used
to analyze the beacon transmission performance [35].

According to the CSMA/CA mechanism, only one beacon
is transmitted in the channel. Three cases are considered: for
the channel (1) it is idle and no is beacon transmitted, (2)
only one beacon is transmitted with success, and (3) more
than one vehicle tries to send beacons in the channel, causing
collisions. To facilitate beacon analysis, σ is defined as the slot
time, Ts = (Th + L/R + TAI F S )/σ is the time duration of a
successful transmission measured in slot time, where Th is the
duration of the physical layer convergence protocol preamble
and header, L is the beacon length, R is the data rate, and
TAI F S is a time interval between frames being transmitted.
Tc = (Th + L/R + TE I F S)/σ is the time duration of data
collision, where TE I F S is the cost time when the physical layer
indicates a beacon is unsuccessfully transmitted. In addition,
T = (TCC H − Tg − Th − L/R)/σ − Tw is the useful duration,
where TCC H and Tg are the durations of the control channel
(CCH) interval and the guard time, respectively. Tw is the back

off time randomly selected from the contention window W .
Initially, a beacon should wait with a random delay Tw, and is
transmitted in the lth slot at time t . Accordingly, p(Tt = t) =
1/W is defined as the probability of the transmission start
time. The probability p(l, N,W, k) implies that N vehicles
in the communication network select back off time in W , but
only k vehicles transmit in the lth slot. Hence, we have

p(l, N,W, k)

=
�

1 −
l−1�
t=0

p(Tt = t)

�N �
N
k

�
×

�
p(Tt = l)

1−�l−1
t=0 p(Tt = t)

�k

×
�

1− p(Tt = l)

1−�l−1
t=0 p(Tt = t)

�M−k

, (1)

where
�l−1

t=0 p(Tt = t) denotes the probability that (l −
1) slots pass before the first transmission attempt, and
p(Tt = l)/1 − �l−1

t=0 p(Tt = t) denotes the probability of
choosing any slot in the remaining (T + W − 1) slots.

Based on (1), X (t, N) is further defined as the mean number
of N vehicles that successfully transmit beacons during each
CCH interval. Note that t is the slots left in this interval and
X (t, N) can be calculated as follows:

X (t, N) =
t�

l=0

{p(l, N,W, 1)[1 + X (t − l + 1 − Ts, N − 1]

+
M�

k=2

p(l, N,W, k)X (t−l+1−Tc, N −k)}, (2)

where the first two terms in (2) denote the probability that
one of N vehicles transmits in the lth slot with the choice of
back off from W slots. X (t − l + 1 − Ts , N − 1) is the mean
number of successful transmissions in the remaining t −l+1−
Ts slots. The third term denotes that k of N vehicles transmit
in the lth slot and thus cause collisions [35].
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Fig. 1. Communication topologies of three scenarios. (a) Platoon forming. (b) Vehicle merging. (c) Vehicle diverging.

As a result, the probability of a successful beacon delivery
of vehicle j under the BDLF topology can be calculated as

p j = X (t, N − 1)

N − 1
, (3)

Note that p j = 1 if p j ≥ ω; otherwise, p j = 0. ω = 0.6 is
the threshold value.

Remark 1: The selection of the threshold value seeks
to illustrate that vehicular information can be successfully
exchanged in the CV context when the probability is large
enough. In this study, we set ω = 0.6 to ensure that reliable
information exchange can occur between vehicles if p j ≥ ω.
For example, if p j = 0.1, the probability of successful beacon
delivery is too small to guarantee information exchange.

Remark 2: According to [35], the maximum waiting time,
Twait , of the beacon transmission is Twait = (N − 1) · Ts +
[W − (N − 1) − 1] when 2 < N ≤ W , where N is vehicle
number, and W is contention window size. In the following
experiments performed in Sec. IV, we choose W = 8 and
N = 4. Hence, Twait = 26.81 slots. It is about 4.29 × 10−4s
if the slot time is 16μs. In addition, the average end-to-end
communication delay in IEEE 802.11p is of the order of
hundredths of a second (i.e., 10−2s) [36]. Based on the time
taken in a practical application, this study does not take Twait

and the communication delay into consideration.

C. Car-Following Behavior

To capture the car-following behavior of CVs in the same
lane without lane-change, a new car-following model can be

formulated as follows:

a j (t) = m{V (�x j, j−1(t))+ p jα j [V (�x j,0(t))

− V (�x j, j−1(t))] − v j (t)}
+ λ[(1 − p jα j )�v j, j−1(t)+ p jα j�v j,0(t)], (4)

where k > 0 and λ ≥ 0 are constant sensitivity coefficients.
α j = 1

�
j j−1 is the weight factor. V (·) is the optimal velocity

of a vehicle which is determined by the longitudinal inter-
vehicle gap between the following vehicle and its immediate
predecessor [5]. It is defined as:

V (�x) = V1 + V2 tanh(J1(�x − Lv )− J2), (5)

where V1, V2, J1, J2 are positive constants, and Lv is the
vehicle length.

Remark 3: Compared to [5], [37], and references therein, the
proposed car-following model incorporates the communication
probability of the beacon transmission, which is more realistic
in the V2X communications context.

D. Stability Analysis

The stability of the proposed car-following model is ana-
lyzed using the small perturbation method, starting from the
following assumption:

Assumption 1: The traffic flow is initially in equilibrium
which is characterized by an identical equilibrium gap h
associated with the identical equilibrium velocity V (h).
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Theorem 1: The uniform traffic flow in (4) is stable if

V̇ (h) <
m(1 − p jα j + p jα j j2)

2(1 − p jα j + p jα j j)2
+ λ, (6)

where V̇ (h) = ∂V (�x)
∂�x

			
�x=h

.
Proof: Following Assumption 1, the position solution is:

x0
j (t) = (N − j)h + V (h)t, (7)

where x0
j (t) is the position of vehicle j in steady state.

Adding a small disturbance y j (t) to x0
j (t) yields:

x j (t) = x0
j (t)+ y j (t). (8)

Substituting (8) into (4), and linearizing the resulting equation
using Taylors expansion yields:

ÿ j (t) = m{V̇ (h)�y j, j−1(t)+ p jα j V̇ (h)

× (�y j,0(t)−�y j, j−1(t))] − ẏ j (t)}
+ λ[(1 − p jα j )�ẏ j, j−1(t)+ p jα j�ẏ j,0(t)]. (9)

Rewriting y j (t) in the Fourier mode and substituting it into
(9) yields:

z2 = m{V̇ (h)[(1 − p jα j )(e
iβ − 1)+ p jα j (e

iβ j − 1)] − z}
+ λ[(1 − p jα j )z(e

iβ − 1)+ p jα j z(e
iβ j − 1)]. (10)

Let z = z1(iβ) + z2(iβ)2 + · · · using the long wave method,
and expanding it to the second term of (iβ). Thus, we have⎧⎪⎪⎨

⎪⎪⎩
z1 = V̇ (h)(1 − p jα j + p jα j j)

z2 = 1
2 V̇ (h)[1 − p jα j + p jα j j2]

+ [λV̇ (h)+ V̇ 2(h)][(1 − p jα j )+ p jα j j ]2

k
,

(11)

when z1 > 0 and z2 > 0, the stability condition shown in (6)
can be derived. The proof is complete. �

Simulation experiments are performed to verify the stability
of the proposed car-following model. In Fig. 2, the value of
λ is set as 0.1, and p j is set as 1.0, 0.8 and 0.6. The space
is divided into two regions by the critical curve. The region
above each critical curve is the stable region where traffic flow
is stable, while the region below is the unstable region where
density waves emerge.

Remark 4: The stability analysis further illustrates that the
steady-state performance of the proposed model is improved
in terms of the stability region [37], [38]. In addition, when
p j = 0, the stability region of the proposed model is the same
as that of the model in [38]. It implies that the proposed model
is more generalized than the model in [38].

III. PLATOON CONTROL DESIGN

This section presents longitudinal and lateral platoon control
algorithms, convergence analysis, and string stability analy-
sis. The longitudinal and lateral control algorithms are used
to compute the advisory velocity of vehicle in the field
experiments.

Fig. 2. Critical curves between sensitivity coefficient and space headway.

A. Longitudinal Controller

The consensus-based controller is designed as follows:⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ẋi (t) = vi (t)

v̇i (t) = −
n−1�
j=0

Cij [δ(V (hi, j (t))− vi (t))

+ (xi(t)− x j (t)− ri, j )+ μ(vi (t)− v j (t))]
− γi [(xi (t)− x0(t)− ri )+ ρ(vi (t)− v0(t))],

(12)

where hi, j = xi (t)−x j (t)
j−i is the average longitudinal gap

between vehicle i and j , and ri the desired longitudinal
gap between vehicle i and the leader. ri, j is the desired
longitudinal gap between vehicle i and j . δ, μ and ρ are the
gain parameters. Under the BDLF topology shown in Fig. 1,
the follower has access to the information of the leader; hence,
di0 = 1.

Remark 5: The linear controllers in [24]–[27] and [31]–[34]
ignore the interactions between vehicles, resulting in negative
velocity and negative spacing error, which is unreasonable in
practice. By contrast, the proposed nonlinear controller (12)
incorporates the car-following interactions between vehicles
(i.e., V (·)). Thereby, vehicles can smoothly reach the consen-
sus state with respect to position and velocity, and the behavior
of vehicles is consistent with traffic flow theory.

B. Lateral Controller

To design the lateral controller, following the approach used
in [39], an artificial function is designed as:

g(y) = (y − Lr )/Lr y, 0 < y ≤ 2Lr , (13)

where y is the distance of vehicle to the right boundary, and
Lr is half the lane width. Based on (13), the lateral controller
is designed as [39]:

gi = −G1

2�
κ=1

g(
��ȳi,Lκ − yi

��
σ
)ni,Lκ

+ G2

2�
κ=1

(λ̄i,Lκ − λi ), (14)

where λi is the lateral velocity of vehicle i , Lκ is the boundary
of lane κ = 1, 2, ȳi,Lκ and λ̄i,Lκ are the position and
velocity projections of vehicle i on the lateral boundary Lκ ,
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respectively, G1 > 0 and G2 > 0 are constant parameters, and
gi is the lateral acceleration. The σ -norm || · ||σ is defined by:

||z||σ = (

�
1 + q||z||2 − 1)/q, (15)

where the parameter q > 0. In addition, the coefficient ni,Lk

is defined as

ni,Lκ = ȳi,Lκ − yi�
1 + ζ

��ȳi,Lκ − yi
��2
σ

, (16)

where ζ > 0 is a constant.

C. Longitudinal Convergence Analysis

To facilitate the convergence analysis based on (12), we first
define x̃i (t) = xi (t)− x0(t)− ri . Thereby, we have:⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

˙̃xi (t) = ṽi (t)

˙̃vi (t) = −
n−1�
j=0

Cij [δ(V (hi, j (t))

− V (h∗
i, j (t))− ṽi (t))+ (x̃i (t)− x̃ j (t))

+μ(ṽi (t)− ṽ j (t))] − γi [x̃i(t)+ ρṽi (t)]

(17)

Note that V (hi, j (t))− V (h∗
i, j (t)) = V̇ (h∗

i, j (t))
j−i (x̃i (t)− x̃ j (t))

and ϕi, j (ξi, j (t)) = V̇ (h∗
i, j (t))

j−i . It follows from (17) that:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

˙̃xi(t) = ṽi (t)

˙̃vi (t) = −
n−1�
j=0

Cij [δ(ϕi, j (ξi, j (t)+ 1)(x̃i (t)− x̃ j (t)

+ (μ− δ)ṽi (t)− μṽ j (t))] − γi [x̃i(t)+ ρṽi (t)]
(18)

Let x̃ = [x̃1, · · · , x̃n]T, ṽ = [ṽ1, · · · , ṽn]T, ε̃ = [x̃TṽT]T. (18)
can be rewritten as:

˙̃ε(t) = Aε̃(t), (19)

where A =
�

0n×n In×n

(δϕi, j +1)(O−C j )−�i (μ−δ)O−μC j −�iρ

�
,

C j =

⎡
⎢⎢⎢⎣

0 · · · c1 j · · · 0
0 · · · c2 j · · · 0
... · · · ... · · · ...
0 · · · cnj · · · 0

⎤
⎥⎥⎥⎦, and O = diag(o1, · · · , on), oi =

�n
j=1 ci j .
Lemma 1 [40]: Given a complex-coefficient polynomial

r(z) = z2 + (a + ib)z + c + id, (20)

where a, b, c, d ∈ R, r(z) is Hurwitz stable if and only if
a > 0 and abd + a2c − d2 > 0.

Theorem 2: Under the controller (12), if δ > 0, μ > 0 and
ρ > 0, we have

lim
t→∞ ε̃(t) = 0. (21)

Proof: Let λ be the eigenvalue of A, then

det(λI2n − A) =
						

λIn×n −In×n

−(δϕi, j + 1) λIn×n − (μ− δ)
×(O − C j )+ �i ×O + μC j + �iρ

						
= det(λ2 In×n + H1λIn×n + H2), (22)

where H1 = μC j − (μ − δ)O + �iρ and H2 = −(δϕi, j +
1)(O − C j )+ �i .

To guarantee matrix A is Hurwitz stable, let θi ∈ σ(H1),
ζi ∈ σ(H2), i = 1, · · · , n. σ(H1) is the set of all eigenvalues
of H1 and σ(H2) is the set of all eigenvalues of H2. Then,
(22) can be rewritten as:

det(λI2n − A) =
n�

i=1

λ2 + θiλ+ ζi . (23)

Thus, the Hurwitz stability of matrix A is equivalent to that
of polynomial: R(λ) = λ2 + θiλ + ζi , for all θi ∈ σ(H1),
ζi ∈ σ(H2). Based on Lemma 1 and δ > 0, μ > 0 and ρ > 0,
we have:

(1) Re(θi ) > 0, which holds by the positive definite matrix
A.

(2) Re(θi )Im(θi )Im(ζi )+ Re2(θi )Re(ζi )− Im2(ζi ) > 0.

Consequently, we have that matrix A is Hurwitz stable accord-
ing to statements (1) and (2). Then, (12) is asymptotically
stable. It implies that ε̃(t) → 0 as t → ∞. This completes
the proof. �

D. Lateral Convergence Analysis

Theorem 3: Consider N vehicles moving in a straight lane,
and assume the initial total energy E0 = E(y(0), λ(0)) are
known, and ||yi,Lκ

(t) − ȳi (t)|| ≥ 1 holds. Then, under con-
troller (14), the platoon approaches stability, and the following
holds:

(a) The distance between vehicle i and the corresponding
boundary in the lateral direction satisfies:

1 ≤ ||yi − ȳi,Lκ ||σ ≤ min{2L, eE0/�1}, (24)

where �1 is a constant positive factor.
(b) Vehicles in a string can converge to the midline, i.e.,

lim
t→∞ ||yi(t)− ȳi,Lκ (t)|| = Lr . (25)

(c) The velocity error of each vehicle i will converge to
zero, i,e.,

lim
t→∞ ||λi (t)− λ̄i,Lκ (t)|| = 0. (26)

The proof of Items (a)-(c) is similar to [39], and is
omitted here.

E. String Stability of Vehicle Platoon

To facilitate string stability analysis, the following definition
is provided.

Lemma 2 (Barbalat Lemma) [4]: If φ(t): R → R is a
uniformly continuous function for t ≥ 0 and lim

t→∞
� t

0 φ(τ)dτ <

∞, then lim
t→∞φ(t) = 0.

Definition 1 (String Stability) [41]: Origin xi = 0, with
i ∈ N and the dynamics in (17), is string stable if, given any
� > 0, there exists � > 0 such that


ei (0)
∞ < � ⇒ supi
ei (·)
∞ < � (27)
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TABLE III

IEEE 802.11P PARAMETERS [35], [42]

Theorem 4: Considering the scenario shown in Fig. 1, the
vehicle platoon is string stable under control algorithm (12)
in the sense of Definition 1.

Proof: Define the longitudinal gap error as

ei (t) = xi−1(t)− xi (t)− s (28)

where s is the desired longitudinal gap in the stable platoon.
Given that ai−1(t) and ai (t) are bounded, and noting that

ëi (t) = ai−1(t) − ai (t), it implies that ëi (t) ∈ L∞. Hence,
ėi (t) is uniformly continuous.

In addition,� ∞

0
|ėi (t)|dt = |ei (∞)| − |ei (0)| < ∞ (29)

According to (29), we know that ėi (t) ∈ L2. Hence, we have
lim

t→∞ ėi (t) = 0 based on Lemma 2. Consequently, we know

ėi (t) ∈ L∞. Similarly, since ei (0) = 0, we have ei (t) ∈ L2.
Hence, we further have lim

t→∞ ei (t) = 0 based on Lemma 2.

If ξ > 0, then 
ei (0)
∞ = supi |ei (0)| = 0 < ξ . In addition,
note that lim

t→∞ ei (t) = 0, ei (0) = 0, and ei (t) ∈ L2.

Hence, ∃ M, η > 0, s.t. supi
t∈[0,∞)

|ei (t)| = M < η for

t ∈ [0,∞). Thereby, the string stability of the vehicle platoon
with algorithm (12) can be guaranteed according to (27). The
proof is completed. �

Remark 6: According to the string stability definition in
[41], we analyzed the string stability based on the infinity-
norm method. The results illustrate that the vehicle platoon
can dissipate perturbation effects.

IV. EXPERIMENTS

This section discusses field experiments to validate the
theoretical analyses.

A. Communication Devices

To perform the experiments, four equipped vehicles are
used in the field experiments. The relevant devices including
vehicles, OBUs, RSUs, and human machine interface (HMI),
are shown in Fig. 3. Note that IEEE 802.11p is the protocol
to facilitate communication links. The values of parameters
associated with IEEE 802.11p are shown in Table III. The
communication flows in the experiments are shown in Fig. 4.

The OBU consists of the differential global positioning
system (DGPS), master chip, and DSRC module. The RSU
includes the control box, DSRC module, and DGPS. The
RSU can obtain information (e. g., traffic flow) by receiving
state information from vehicles. The RSU can admit or reject

Fig. 3. Relevant devices.

Fig. 4. Communication flows.

Fig. 5. Road condition.

the platoon forming request message (PFRM) according to
traffic conditions. The HMI is used to display the real-
time information and broadcast the advisory and lane-change
information by voice.

In the experiments, a vehicle perceives the states of sur-
rounding vehicles and infrastructure within the V2X com-
munication range via DSRC. In addition, the master chip
acquires the positioning information from the DGPS module,
and sends the necessary real-time information (e.g., current
velocity, advisory velocity, and lane-change information) to
HMI via the Ethernet.

The HMI can broadcast the advisory velocity and lane-
change information by voice. The advisory velocity of a
vehicle is computed according to (12) and (14). The lane-
change information is obtained based on the DGPS location.

Remark 7: In the field experiments, when the following
vehicle moves in the same lane as its immediate predecessor,
the driver will follow the advisory velocity displayed by the
HMI and maintain a stable platoon formation. Otherwise,
the following vehicle will take the maneuver of lane-change
based on the HMI prompt so as to maintain the same lane as its
immediate predecessor. Then, it adjusts its velocity according
to the HMI to maintain a stable platoon formation.

B. Platoon Maneuvers

Three typical maneuvers, including platoon forming, vehicle
merging, and vehicle diverging are analyzed in this study.
Thereby, the communication topology between vehicles is
analyzed in the following three scenarios. Table IV presents
the variables used in this section. Fig. 5 is an aerial photo of
the field experiment facility.
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TABLE IV

DESCRIPTIONS OF VARIABLES IN THE PSEUDO-CODE

Fig. 6. Initially state of CVs.

Fig. 7. Merging maneuver.

Fig. 8. Diverging maneuver.

1) Platoon Forming: In this scenario, Fig. 1-a illustrates the
maneuver of platoon forming, and it refers to the join-at-tail
maneuver. During this process as shown in Fig. 1-a-(1) (left),
vehicle 0 first sends a PFRM via the OBU to the RSU, and
the RSU will return a platoon forming confirmation message
(PFCM) to vehicle 0. The PFCM contains the information
related to platoon ID, leader ID, and destination. Then, vehicle
0 becomes the leader of the platoon and it will periodically
broadcast the platoon state message (PSTM), including platoon
length, platoon ID, leader ID and destination, to other vehicles
in the range of V2V communications.

When the surrounding vehicles receive the PSTM, as shown
in Fig. 1-a-(2) (middle), they will send platoon merging
request messages (PMRMs) to the leader. If the leader admits
the merging request, it will return platoon control messages
(PCTMs) to the joining vehicles. The PCTMs contain mes-
sages related to the advisory velocity and lane-changing.

Consequently, a joining vehicle can adjust its state to
perform a join-at-tail maneuver followed by the PCTMs.
If the platoon forming is completed as shown in Fig. 1-a
(right), the joining vehicle will send the vehicle state messages
(VSTMs), including vehicle ID, velocity, and location to the

TABLE V

PSEUDO-CODE OF PLATOON FORMING

leader. In addition, the leader will broadcast the PCTMs to
other members in the platoon so as to guarantee the platoon
pattern.

The platoon forming maneuver is performed using the
adjacency matrices in Table I in the order a → b → f ,
which correspond to Fig. 1-a left-middle-right. The specific
operations are shown in Table V.

In the experiment, initially, vehicles 0, 2 and 3 move in the
same lane as shown in Fig. 6. Vehicle 0 is the leader, and
vehicles 2 and 3 perform a join-at-tail maneuver. As a result,
a three-vehicle platoon is formed. The longitudinal and lateral
gaps between every vehicle pair of the platoon are s = 25m
and 0m, respectively, and the desired stable velocity of the
platoon is vs = 37km/h.

2) Vehicle Merging: The maneuver of vehicle merging
refers to a vehicle joining the platoon at the middle of the pla-
toon. Fig. 1-b-(1) (left) illustrates a string of vehicles moving
as a platoon in a lane on a road initially, and vehicle 1 moving
in an adjacent lane. We assume that a vehicle (e. g. vehicle 1)
is going to merge into the platoon. When vehicle 1 receives
the PSTM via the OBU in the range of V2V communications,
it will send a vehicle merging request message (VMRM),
including the vehicle ID and current location, to the leader,
as shown in Fig. 1-b-(2) (middle). After received the VMRM,
the leader will determine the cut-in position of vehicle 1, and
then send a deceleration command to vehicle 2 to N-1 in
the platoon. Note that all commands sent from the leader
are contained in the PCTM. As a result, the longitudinal
gap between vehicle 0 and vehicle 2 will be widened. If the
longitudinal gap is wide enough (i.e., s +�), the leader will
send a lane-change command to vehicle 1, and it will merge
into the platoon. After vehicle 1 merges into the platoon,
the leader will send commands to all members of the platoon
to guarantee that it moves stably as in Fig. 1-b-(3) (right).

According to the vehicle merging maneuver, the switching
communication links can be described using the adjacency
matrices in Table I in the order c → d → f , which follows
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TABLE VI

PSEUDO-CODE OF VEHICLE MERGING

TABLE VII

PSEUDO-CODE OF VEHICLE DIVERGING

Fig. 1-b left-middle-right. The vehicle merging procedures are
listed in Table VI.

In the experiments, the platoon with vehicles 0, 2, and
3 moves stably in a lane, and vehicle 1 moves in an adjacent
lane. Vehicle 1 is used to perform vehicle merging maneuver
as shown as Fig. 7. The additional longitudinal gap when the
vehicle is merging is set as � = 10m. As a result, a platoon
with four equipped vehicles is formed and moves stably.

3) Vehicle Diverging: Fig. 1-c-(1) (left) shows a string of
vehicles moving as a platoon. When vehicle 1 sends a vehicle
diverging request message (VDRM) to the leader as shown
in Fig. 1-c-(2) (middle), the leader will return a PCTM to
vehicle 1, and vehicle 1 will diverge from the platoon through
a lane-change operation. Fig. 1-c-(3) (right) shows that the
leader will send commands to other members in the platoon

Fig. 9. Trajectories.

Fig. 10. Velocity profiles.

to guarantee a stable platoon pattern while vehicle 1 diverges
from the platoon.

In terms of communication links, adjacency matrices in the
order f → e → c in Table I follow Fig. 1-c left-middle-right,
and describe the vehicle diverging maneuver. Vehicle 1 follows
the procedures listed in Table VII.

In the experiments, vehicle 1 is used to perform a vehicle
diverging maneuver as shown in Fig. 8. Then, a platoon with
three equipped vehicles (vehicle 0, 2, and 3) moves on a lane,
and vehicle 1 moves on an adjacent lane.

C. Results

This section discusses results of the field experiments.
In Fig. 9, the three maneuvers of platoon forming, vehicle

merging, and vehicle diverging can be captured effectively.
Specifically, vehicle 0 becomes the leader and broadcasts
PSTMs. Vehicle 2 and 3 send PFRMs to the leader after
receiving PSTMs. Finally, a platoon consisting of three vehi-
cles(i.e., vehicle 0, 2 and 3) is formed at point A of Fig. 9 fol-
lowed by the operations discussed in section IV-B-1. Hence,
Fig. 9 shows that the trajectories of the three vehicles coincide
at the point A. Also, at point A in Fig. 10, the velocities
of vehicles are almost the same. It verifies that a three-
vehicle platoon is formed. Note that the platoon including three
vehicles continues to accelerate at point A to reach the desired
velocity.

Vehicle 2 will decelerate to increases the longitudinal gap
between vehicles 2 and 0. Consequently, vehicle 3 will also
decelerate according to the state of vehicle 2. The deceleration
operations of vehicles 2 and 3 can be captured before point
B in Fig. 10. When the longitudinal gap between vehicles
2 and 0 is adequate, vehicle 1 will perform the merging
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Fig. 11. Longitudinal velocity errors.

Fig. 12. Lateral velocity errors.

maneuver with a lane-change operation under the proposed
algorithm (12).

During the experiments, parameters in (12) are set as [11]:
δ = 1, μ = 1, ρ = 1, r1,0 = 25m, and r1 = 25m.
At point B in Fig. 9, vehicle 1 has merged into the platoon.
Hence, the trajectories of the four vehicles coincide at point B
in Fig. 9. In addition, the velocities of these vehicles are almost
identical, and the platoon will move stably between points B
and C in Fig. 10 with the velocity of 37 km/h. During this
stage, the behavior of vehicles in the platoon can be described
by the proposed car-following model (1) in section II. Here,
parameters in (1) are set as [5]: m = 0.41s−1, λ = 0.1s−1,
α1 = 1 and p1 = 1. The velocity profile between point B
and point C in Fig. 11 suggests that the follower vehicle can
follow its predecessor effectively.

At 73s, vehicle 1 sends the VDRM to the leader in Fig. 10.
After approval, vehicle 1 will perform the diverging maneuver
using the lane-change operation and diverge from the platoon
at point C in Fig. 9. Vehicles 0, 2 and 3 will keep the platoon
pattern for a period. Then, each vehicle in the platoon will
diverge one at a time and come to a stop, similar to vehicle 1.
This can be observed after point C in Figs. 9 and 10.

Figs. 11 and 12 illustrate the longitudinal and lateral velocity
errors, respectively. They are determined based on adjacent
vehicle pairs. In Figs. 11 and 12, point B implies that
vehicle 1 has merged into the platoon as the longitudinal
velocity errors decrease and the lateral velocity errors approach
0km/h. At point C, vehicle 1 diverges from the platoon using
a lane-change operation, resulting in large fluctuations in
Figs. 11 and 12.

Figs. 13 and 14 show that the longitudinal and lateral gaps
are maintained at about 25m and 0.2m, respectively, between

Fig. 13. Longitudinal gaps.

Fig. 14. Lateral gaps.

point B and point C. It implies that the four-vehicle platoon is
moving stably. In addition, the same stage in Figs. 11 and
12 shows that the four-vehicle platoon has small errors in
velocity and inter-vehicle gap.

In summary, when the platoon moves stably, the longitudinal
velocity errors will decrease and the lateral velocity errors
will be maintained at 0km/h. While the longitudinal gaps are
about 25m, the lateral gaps converge to a small range near
0m. In addition, the consensus of vehicles in the CV platoon
can be guaranteed by the proposed control algorithm (15) and
the car-following behavior between CVs in the platoon can be
captured by the proposed car-following model (1) effectively.

V. CONCLUDING REMARKS

This study focuses on the platoon control of CVs under the
V2X communications. For this purpose, the BDLF communi-
cation topology is developed to characterize the connections
among CVs. Then, a consensus-based control algorithm is
designed for platoon control. The consensus of the proposed
control is analyzed using the Lyapunov technique. In addition,
a new car-following model is proposed to describe the local
interactions between CVs. The stability of the proposed car-
following model is performed using the perturbation method.
Finally, field experiments are conducted under the scenarios
of platoon forming, vehicle merging, and vehicle diverging.
Results from field experiments verify the effectiveness of the
proposed method in terms of the trajectory, velocity, and inter-
vehicle gap profiles.

The study findings provide insights for the emerging con-
nected and automated transportation system future, specifically
in terms of how vehicle platooning can be enabled to gain
benefits for traffic congestion mitigation, road throughput
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increase, and energy consumption. However, the control algo-
rithm designed in this study is limited by the need to con-
sider communication delays and communication packet drops,
which is the focus of our ongoing work.
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