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Abstract—Cooperative adaptive cruise control (CACC) has
been widely considered as a potential solution for reducing
traffic congestion, increasing road capacity, reducing fossil fuel
consumption and improving traffic safety. Traditional CCAC
methods rely heavily on the vehicle-to-vehicle communications
to achieve cooperation. However, in the real-world scenarios,
unreliable communication will degrade CACC to adaptive cruise
control, which may bring negative influences on safety (i.e.,
increase the risk of collisions). To overcome this drawback,
this paper innovatively applies a spring damping energy model
to construct a robust autonomous vehicle platoon system. The
proposed design of the energy model ensures that the stability and
safety of the platoon system be maintained in the event of such
sudden degradation. Based on this technique, a distributed con-
trol protocol which only utilizes local information from neighbors
is then proposed. Furthermore, some practical constraints such
as the connectivity of the vehicle platoon system and the bound
of the control inputs are guaranteed. Finally, the effectiveness of
the proposed CCAC strategy is validated by multiple simulation
experiments in Unreal Engine.

Index Terms—Autonomous vehicles, cooperative adaptive
cruise control, distributed multi-vehicle systems, spring damping
energy model, vehicle-to-vehicle communication.

I. INTRODUCTION

Cooperative Adaptive Cruise Control (CACC) enables lon-
gitudinal automation of connected vehicle platoons by utilizing
inter-vehicle distances and vehicle state information, which
can be obtained by equipped radars and vehicle-to-vehicle
(V2V) communication modules [1], [2]. This technique is
able to maintain a suitable inter-vehicle distance to alleviate
traffic congestion, improve safety, fuel economy and traffic
throughput [3]–[6].

In recent years, a large number of scholars have conducted
research on CACC with remarkable success. The traditional
proportional-integral-derivative control design has been widely
used as an effective method in Adaptive Cruise Control (ACC)
and CACC, which is also the control scheme now used by most
mainstream automobile original equipment manufacturers [2].
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In the implementation of the proportional-integral-derivative
control, the control input (such as acceleration or velocity)
of an individual vehicle is obtained by a nonlinear function,
using either the constant spacing strategy or the constant time
headway strategy [7], [8]. Model predictive control (MPC)
is also widely adopted in CACC schemes. These control
methods not only take V2V spacing as a control objective,
but also consider more optimization indicators such as energy
consumption [9], [10], comfort [11], and traffic efficiency
[12]. Nowadays, a more mainstream approach is to combine
distributed mechanism with MPC [13]–[15]. Other control
methods are also being investigated, in [16], the stochastic
optimal control strategy can produce smoother vehicle con-
trol input signal with small system disturbances and large
measurement disturbances. In [17], a new control structure
with optimal control and online learning is used to find
the optimal error feedback, as well as seek the minimum
headway values. In addition, control methods based on a
combination of data-driven and optimization are gaining more
and more attention from researchers, where reinforcement
learning-based techniques have been utilized in many studies
[18]–[20] as a potential solution to achieve CACC. However,
these optimization-based control algorithms and data-driven
approaches place enormous demands on the computing ca-
pacity of the autonomous vehicles.

CACC is a framework that relies heavily on the V2V
communication. If the V2V communication is attacked or
lost, CACC will degrade to ACC, thus increasing the risk of
vehicle collisions [21]–[24]. Numerous experimental results
have shown that ACC has a negative impact on the traction
energy consumption of the vehicle [25], [26]. In addition,
more real vehicle experiments and empirical data are needed
to support the improvement and optimization of the ACC
model [27]. To overcome this issue, some preliminary re-
sults have been obtained by researchers in recent years. In
[28], by incorporating statistical learning with the physical
laws of kinematics, a real-time anomaly detection mechanism
is proposed which has shown to be effective in detecting
forgery attacks in CACC. Besides, the association between
multiple motion parameters concerning both individual and
consecutive vehicle is used to assess the credibility of the
information provided by the connected members [29]. The
security of V2V communications has been assured with the
emphasis placed on cyber security by original equipment
manufacturers [30], such as by introducing of secure onboard
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communication [31]. These encrypted communications protect
the authenticity of communication messages to a large extent.
Hence, communication loss has now become the leading
cyber security issue in CACC. In order to completely avoid
the communication loss problem, it is necessary to expand
the communication infrastructure and reduce the failure rate
of the onboard communication modules [32]. However, for
the CACC algorithm, improving the algorithm to reduce or
eliminate the negative effect of communication loss may be
more feasible and efficient [33], [34]. In [35], the researchers
model communication losses as independent random events.
By applying H∞ control tools to the both plant stability and
string stability of the average error dynamics and minimizing
the variance of the trajectories, the effect of the communication
losses can be effectively mitigated. A disturbance observer-
based sliding mode control is proposed in [36], which esti-
mates the uncertainty present in the actuator dynamics and the
acceleration of the preceding vehicle as a lumped disturbance.
In addition, state estimation is considered to be an effective
solution to temporary loss of communication [37]. When the
V2V communication is temporarily lost, [38] utilizes an adap-
tive Kalman filter to estimate the acceleration of a preceding
vehicle, and the estimated acceleration is implemented as a
feedforward signal in the ego-vehicle CACC design. However,
most of these solutions are simply finding an estimate for the
vehicle to use as a feedback input to achieve CACC. When
the number of vehicles experiencing a loss of communication
increases, it will bring more difficulties for these methods to
secure the system.

Motivated by the aforementioned challenges, we aim to
propose a reliable CCAC framework by using Spring Damping
Energy Model (SDEM) and distributed mechanisms. Different
from traditional methods, in our solution, we do not perform
state estimation in the case of communication loss. Instead,
we aim to design a more generalized CACC algorithm, i.e.
one applicable to CACC and equally applicable to ACC.
In addition to achieving basic obstacle avoidance and vehi-
cle speed consistency, the proposed control design can also
achieve the boundedness of the control input and maintain
the connectivity of the topology. To the best of authors’
knowledge, such a SDEM-based distributed control strategy
has not been developed in the literature. This paper draws on
the network model presented in [37], [39]. On-board sensors
can acquire information about the movement of the closet
front vehicle, while V2V communication can obtain state
information about the movements of all vehicles within the
communication range. The main contributions of the paper
are as follows:

• We innovatively use a specially defined SDEM to con-
struct a robust self-driving vehicle platoon system. This
model ensures the internal stability of the platoon sys-
tem, the stability of the topology connections, and the
consistency of the platoon velocity.

• A special nonlinear spring is designed to describe the
V2V interaction, which can ensure that no collision occur
within the platoon. Besides, the desired speed can be
maintained in the presence of sudden acceleration or

deceleration by the leading vehicle.
• Based on the proposed energy model, a distributed control

protocol is proposed, which only relies on state informa-
tion from neighboring vehicles. The string stability of
the vehicle system under this control protocol is proved.
Also, this generalized control protocol can be applied to
both CACC and ACC cases.

• The effectiveness of the proposed strategy under several
scenarios (including merging and separating) is verified
by realistic simulation experiments, which lays the foun-
dation for implementing it on a real vehicle platoon in
the future.

The rest of this paper is structured as follows: Preliminaries
and problem statements are shown in Section II. We propose
the distributed control protocol based on the SDEM and
prove the stability of the control protocol in Section III. The
experimental results are analyzed and discussed in SectionIV.
Finally, we conclude this work in SectionV.

II. PROBLEM FORMULATION

A. Dynamics Model

In the current studies on CACC, the linearization technique
is commonly applied to deal with the upper-level longitudinal
nonlinear dynamics [40], [41]. Since we mainly focus on
developing high-level multi-vehicle coordination strategies in
this paper, to simplify the dynamics model, the air drag, rolling
resistance, and actuator delay in the vehicle dynamics model
are ignored. The second-order differential model can be de-
scribed using ordinary differential equations (ODE) following
[42]: {

ẋi = vi

v̇i = ui
, (1)

where xi, vi and ui are the position, velocity and control input
of vehicle i, respectively.

B. Communication Topology and Vehicle Platoon

A time-varying directed graph G(t) , (V, E(t)) is used
to describe the network topology among the vehicles within
the platoon, where V , {V1, . . . ,VN} is set of nodes.
And the element of E(t) ∈ N × N is denoted as (Vi,Vj),
which is termed an edge from Vi to Vj . A(t) = [aij ] ∈
RN×N is the adjacency matrix of graph G(t). aij = 1, if
‖xi(t)− xj(t)‖ < ρ, otherwise, aij = 0. aij = 1 means
that the vehicles i can receive the information from vehicle
j through V2V communication or on-board sensors. In this
paper, we suppose that the initial connection topology of
vehicle platoon is connected. The initial connection of the
system is: E(0) = {(i, j), | ‖xi(0)− xj(0)‖ < ρ, i, j ∈ V}.

We consider a platoon of N + 1 vehicles with index from
0 to N as shown in Fig. 1. The index 0 represents the leader
and index 1 to N denote the followers. li is the body length of
vehicle i. xi and vi, respectively, are the position and velocity
of the front bumper of vehicle i. Si := xi − xi−1 − li−1 is
the distance between the front bumper of vehicle i and the
back bumper of the vehicle i− 1. The vehicle can obtain the
motion state of the nearest vehicle in front by the ob-board
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Fig. 1. Network topology model for autonomous vehicle platoon

sensors (e.g., radar) and the V2V communication, including
position and speed information, and obtain the motion state
of the vehicles beyond the radar field of vision through
V2V communication. Define a variable to denote the desired
distance between vehicle i and vehicle j:

Ŝij =

i∑
k=j+1

Sk +

i−1∑
k=j

lk ∀i > j ≥ 0 , (2)

where Sk represents the desired distance between the vehicle
k and vehicle k − 1. In addition, suppose that the V2V
communication radius is ρ, therefore, the number of vehicles
which are within the communication range of vehicle i is
limited. Assume that this limited number is m. In the proposed
algorithm in this paper, we assume that the connection topol-
ogy between vehicle platoon is directional. This means that
vehicle i can use the state information from vehicle j, while
vehicle j does not use the state information from vehicle i,
∀i > j ≥ 0.

C. Control Objectives

For a vehicle platoon with a leader having constant velocity
vo, when the initial connection topology is connected, the
objective is listed as follows:

• To achieve the following steady state:{
limt→∞ ‖xi(t)− xj(t)‖ =

∑i
k=j+1 Sk +

∑i−1
k=j lk

limt→∞ ‖vi(t)− v0(t)‖ = 0

∀i > j ≥ 0.
(3)

This control objective implies that the following distance
and speed of all vehicles within the platoon need to
converge to the desired value.

• From the perspective of functional security, the temporar-
ily loss of V2V communication may lead to platoon
collision. Therefore, another important control objective
is that when V2V communication is lost, the connection
topology of the platoon does not completely disconnect
and the vehicle platoon continues to converge to the
desired steady state.

• Topology connectivity within the platoon can be guaran-
teed despite sudden acceleration or deceleration by the

leading vehicle. And the vehicle platoon system can re-
enter the steady state within a finite time.

D. Basic Lemmas

To facilitate further proof, we introduce the following
lemma.

Lemma 1 ( [43]): L has rank N − 1, i.e., λ1 = 0, if and
only if graph G has a spanning tree. Where L is the Laplace
matrix of G, and λ1 is the first eigenvalue of L.

Lemma 2 ( [44]): For symmetric matrices A,B ∈ RN×N ,
if their eigenvalue sequences satisfy λ1(A) ≤ · · · ≤
λN (A), λ1(B) ≤ · · · ≤ λN (B), the following conclusions
can be drawn:

λi+j−1(A+B) ≥ λi(A) + λj(B), (4)

where i+ j ≤ N + 1, 1 ≤ i, j ≤ N .
Lemma 3 ( [44]): If the graph G is connected, there exists

left eigenvector y > 0 of L(G) such that LT (G)y = 0,
yT 1N = 1.

Additionally, we define the following lemma:
Lemma 4: For a connected graph G, define:

P = diag {pi} ∈ RN×N

Q = PL(G) + LT (G)P,
(5)

where p = [p1, p2, . . . , pN ] is the left eigenvector correspond-
ing to the zero eigenvalue of L(G), such that Q ≥ 0, Q has
rank N − 1.

Proof: According to the definition of Laplace matrix, we
can get:

L(G) = diag {di} −A
LT (G) = diag {di} −AT ,

where A and diag {di} are, respectively, the adjacency matrix
and in-degree matrix of graph G. Hence,

PL(G) + LT (G)P = diag {2dipi} − (PA+ATP ).

The sum of ith row is 2dipi +
∑N
j=1(aijpi + ajipj). Because

LT (G)p = 0, di +
∑N
j=1 ajipj = 0, we can obtain that the

sum of ith row is 0:

Q

1
:
1


N

=

0
:
0


N

.
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Due to QT = Q, we also get:

(1, . . . , 1)NQ = (0, . . . , 0)N .

Hence, Q is the Laplace matrix of graph Ḡ, the weighted
mirror graph of a connected directed graph G. The weight
of edge (i, j) is āij = piaij + ajipj . We can conclude that Ḡ
is a strongly connected un-directed graph. The rank of Q is
N − 1, and Q ≥ 0. Thus, the proof is done.

III. COOPERATIVE ADAPTIVE CRUISE CONTROL DESIGN

In this section, we design a distributed cooperative control
protocol for the vehicle platoon system from the perspective
of system energy. This novel control design is capable of
achieving all our pre-specific control objectives.

A. Spring Damping Energy Model

In this paper, we consider a platoon system from a very
novel perspective, i.e., system energy. We start by constructing
a single spring damping energy system, such as the subsystem
in Fig. 2, consisting of A1, A2, K12, and c12. Define A, c, and
K as, respectively, the agents, damping elements, and spring
elements. In addition, we define energy in the energy model
as follows:

EA(t) =
1

2
v(t)2

EK(t) = g(∆lA(t))

E(t) = EA(t) + EK(t),

(6)

where EA(t), EK(t), and E(t) are, respectively, the kinetic
energy of agents, potential energy stored in the spring, and
total current energy of the system. ∆lA(t) denotes the distance
between agents, and g is a function of ∆lA(t).

Lemma 5: For the energy system defined above, assume that
the system has finite initial energy, the system will achieve
asymptotic stability in the absence of external energy input.

Proof: The time-varying energy function of the system is
as follows:

E(t) =
1

2
v1(t)2 +

1

2
v2(t)2 + g(∆lA). (7)

In this spring damping system, the damping unit and the spring
unit together provide acceleration to the agents, which satisfies
the following equation

a = −∇g − c∆v, (8)

where c > 0 is the damping coefficient. The derivative of this
function with respect to time gives:

Ė(t) = v1(−∇g − c∆v) + v2(+∇g + c∆v) + ∆v∇g
= −c∆2v ≤ 0,

(9)

which means the system energy is progressively stable. The
derivative of (7) with respect to time shows that the spring
damping energy system will converge to a steady state where
∆v(t) equals 0, and ∆lA(t) equals constant.

Based on the above definition, we take such a basic spring-
damping energy system unit and form it into a more complex
energy system by connecting it in series and parallel. We

Fig. 2. A single spring damping energy system.

consider using a particular spring-damping energy model
(shown as Fig. 3) to simulate a vehicle platoon system with
no external energy input. A1, A2, A3 represent the agents
corresponding to the vehicle in the vehicle platoon system.
In this model, K is a specially designed nonlinear spring
that also acts as an energy storage element. c represents a
damper, which is an energy-consuming element whose rate
of energy consumption depends on the velocity difference
between agents. The storage element K is assigned specific
storage limits Emax + e1, where Emax denotes the initial
energy of the entire system, including the kinetic energy of
agents and the potential energy already stored in K, and e1

is a constant to ensure that the actual energy storage of the
spring does not exceed the maximum value. According to
(9), the multi-vehicle system constitutes an energy consuming
system. In the absence of external energy input, the system
energy always decreases or maintains a steady state during
the task. Therefore, when the total energy of the system
is transferred to one spring unit, the energy stored in the
spring will not exceed the spring’s storage limit. The energy
stored in K is a specific function of the distance between the
agents. When there is a velocity difference between agents,
the energy consuming element c will keep consuming energy.
According to the most fundamental law of thermodynamics,
in the absence of external energy input, the system’s total
energy will not increase and may decrease due to the presence
of energy-consuming elements. The rest of the energy in the
system consists of the energy stored in the spring and the
kinetic energy of the agent, which are dynamically converted
to each other.

According to the conditions mentioned above, since the
system’s total energy is always less than or equal to the
initial energy of the system, the actual energy stored by the
spring can never reach its limit. This property means that
the stretch and compression of the spring will not exceed the
limited length. In addition, the steady state of the system is
achieved when the energy storage of the spring is zero, and the
energy consumption of the energy-consuming element is also
zero. The above conclusion corresponds to the vehicle platoon
system, the distance between vehicles will not be less than
the minimum allowable distance, nor will the communication
connection be disconnected. The vehicle platoon converges to
a state where the velocities of the vehicles are consistent, and
the distance between the vehicles satisfies expectations.

B. Distributed Control Protocol

This section aims to develop distributed cooperative con-
trol algorithm for connected vehicle platoons to achieve the
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Fig. 3. A complex spring damping energy model to describe a vehicle platoon
system

following control objectives:

• Given a leading vehicle with a constant velocity, the
velocities of all followers should converge to the leader’s
velocity.

• In the vehicle platoon, the following distance between all
vehicles should be stable and converge to the expected
value.

• When V2V communication is lost, the vehicle platoon
should still achieve the desired queue.

• The string stability of the platoon must be ensured when
there is a sudden change in velocity of the leader.

• The connectivity of topology should be guaranteed.

The control protocol we designed is given as follows

ui =−
∑
j∈Ni

∇xiVij

∣∣∣∣∣∣
∑
j∈Ni

aij(vi − vj)

∣∣∣∣∣∣− β
∑
j∈Ni

aij(vi − vj)

− 1

2
(
∑

j∈Ni∪{l}

∇xi
Vij)− hi(vi − v0),

(10)

where hi(t) =

{
1 i ∈ Nl(t)
0 others

, β is the control gain, Nl

denotes the set of neighbors of the leading vehicle. Ni
represents the set of neighbors of the vehicle i, and the
communication connection between vehicle i and vehicle j
is directional. β(vi − vj), and vi − v0 correspond to the
damping energy dissipation function in the energy model.
−
∑
j∈Ni

∇xiVij
∣∣∣∑j∈Ni

aij(vi − vj)
∣∣∣ is the product of gra-

dient and velocity difference, which can accelerate the conver-
gence of the vehicle platoon system. Vij is the interaction po-
tential function between vehicles, corresponding to the spring
energy function in the energy model. The gradient of Vij is
used to achieve obstacle avoidance and distance convergence
of the vehicle platoon system. In this case, the interaction
field function has to generate repulsive force over the interval[
lj , Ŝij

)
and attractive force over the interval

[
Ŝij , ρ

)
. Hence,

the specific form of the interaction potential function in this

control protocol is designed as follows:

Vij(‖xij‖) =
(‖xij − lj‖ − Ŝij + lj)

2(ρ− ‖xij‖)

‖xij − lj‖+
(Ŝij−lj)2(ρ−‖xij‖)

c1+Ψmax

+
‖xij − lj‖ (‖xij‖ − Ŝij)2

(ρ− ‖xij‖) +
‖xij−lj‖(ρ−Ŝij)2

c2+Ψmax

,

(11)

where Ŝij is given by (2), lj is the length of vehicle j.
Different from the commonly used interactive functions, in
addition to meet the obstacle avoidance function. The potential
field function can also achieve the boundedness of the control
input and maintain the connectivity of the topology. Equation
(11) is a smooth and bounded concave function. This function
minimizes at ‖xij‖ = Ŝij , and is monotonically decreasing
over the interval

[
lj , Ŝij

)
and monotonically increasing over

the interval
[
Ŝij , ρ

)
. Ψmax is the maximum of the system

energy function, which is defined as follows

Ψmax =
2mN −m2 +m

2
Vmax

+
1

2

N∑
i=1

(vi(0)− v0(0))
2
, 1 ≤ m ≤ N

(12)

where Vmax = max {V (lj + ξ1), V (ρ− ξ2)}. ξ1 and ξ2 are
delay constants, used to ensure the stability of the topology
connection. Vmax is the value of the function Vij at xij =
lj + ξ1 or xij = ρ − ξ2. It can be seen that Vmax is not the
endpoint value of the function Vij . That is to say, Vmax is
always less than the endpoint value of the function Vij . m is
the maximum number of vehicles that can communicate with
vehicle i.

According to the definition of SDEM, the maximum energy
of the initial platoon system needs to be estimated. Here, we
define system energy as consisting of the potential energy of
the interaction field between vehicles and the squared deviation
of the velocity. Then when the system is in the lowest energy
state, the potential energy is zero, and the square of the
velocity deviation is also zero. Hence, Ψmax consists of all
the interaction potential energy and velocity deviation energy
in the system.

To facilitate the proof of the following theorems, we define:

f =

m∑
k=1

max(‖∇xiVik‖). (13)

As can be seen from the definition, f means the maximum
interaction force of vehicle due to the potential field. In
addition, we define a diagonal matrix as follows:

H = diag {h1(t0), h2(t0), . . . , hN (t0)} . (14)

Theorem 1: Suppose that the initial connection topology of
the vehicle platoon G(t0) is connected and the initial system
energy Ψ(t0) is bounded. The connectivity of the time-varying
network topology can be guaranteed if the following condition

λ2((βQ+ 2PH)(t0)) > 4mf (15)

is satisfied, where Q and P are defined in Lemma 4.
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Proof: Let the follower’s position and speed deviation
from the leading vehicle be x̃i = xi − x0 and ṽi = vi − v0.
Therefore, we have

˙̃xi = ṽi

˙̃vi =−
∑
j∈Ni

∇x̃iṼij

∣∣∣∣∣∣
∑
j∈Nl

aij(ṽi − ṽj)

∣∣∣∣∣∣
− β

∑
j∈Nl

aij(ṽi − ṽj)

− 1

2
(
∑

j∈Nl∪{l}

∇x̃i Ṽij)− hiṽi.

(16)

Define the following non-negative energy function:

Ψ =

N∑
i=1

pi
∑

j∈Ni∪l

Ṽij(‖x̃ij‖) + ṽTP ṽ, (17)

where ṽ = [ṽ1, . . . , ṽN ]
T.

Suppose G(t) will change its connection topology at te,
e = 1, 2, . . . , and the system connection topology G(te) will
not change during [te, te+1). It’s easy to verify that Ṽij is
finite according to (11). Hence, Ψ(t0) (the initial value of the
system energy function) is bounded. Take the derivative of the
function in the interval [t0, t1):

Ψ̇ =

N∑
i=1

ṽT
i pi

∑
j∈Nl∪{l}

∇x̃iṼij

+ 2ṽTP

− βLṽ − diag
{
∇x̃iṼi

}
|Lṽ|

− 1

2
∇Ṽ −Hṽ

 ,

(18)

where {
Ṽi =

∑
j∈Ni

Ṽij

∇Ṽ =
∑
j∈Nl∪{l}∇x̃i Ṽij .

(18) can then be simplified as

Ψ̇ = 2ṽTP
(
−βLṽ − diag

{
∇x̃iṼi

}
|Lṽ| −Hṽ

)
. (19)

According to the definition of f in (13), we can obtain the
following inequality∣∣∣∇x̃iṼi∣∣∣ =

∣∣∣∣∣∣∇x̃i
∑
j∈Ni

Ṽij

∣∣∣∣∣∣ ≤ f. (20)

Hence, substituting (20) to (19), we have

Ψ̇ ≤ −2ṽTP (βL+H) ṽ + 2f ‖ṽ‖ ‖P‖ ‖Lṽ‖
≤ −ṽT (βQ+ 2PH) (t0)ṽ + 2f ‖ṽ‖ ‖P‖ ‖L‖ ‖ṽ‖ .

(21)

According to the definition of Laplace matrix, we can get

L(G) = diag {di} −A,

where A and diag {di} are, respectively, the adjacency matrix
and in-degree matrix of graph G. According to the communi-
cation rules defined in Section II.B, we can determine that the

adjacency matrix of the topology of vehicle platoon connection
is a strict lower triangular matrix,

A =


0 · · · · · · 0

1
. . .

...
... 1

. . .
...

∗ · · · 1 0

 , (22)

where ∗ indicates that the value is uncertain and determined
by the connection topology at a specific time, which is either 0
or 1. The matrix A indicates that the communication topology
of the platoon is directional . Since Max {di} = m, we have
‖L‖ ≤ 2m. Then (21) can be further rewritten as:

Ψ̇ ≤ −ṽT (βQ+ 2PH) (t0)ṽ + 4mf ‖ṽ‖2

≤ − (λ2 (βQ+ 2PH) (t0)− 4mf) ‖ṽ‖2 .
(23)

Substituting the initial condition λ2((βQ + 2PH)(t0)) >
4mf , it gives

Ψ̇(t) ≤ 0,∀t ∈ [t0, t1) , (24)

which means that the Ψ(t) is monotonically decreasing func-
tion in [t0, t1). Take the derivative of (11), and we get that Vij
is monotonically decreasing over the interval

[
lj , Ŝij

)
and

monotonically increasing over the interval
[
Ŝij , ρ

)
. Hence,

following relationship can be obtained,

Vij(ρ) ≥ Ψmax > Ψ(t0),∀(i, j) ∈ V
Vij(lj) ≥ Ψmax > Ψ(t0),∀(i, j) ∈ V.

(25)

This indicates that the distance between the front bumper
of vehicle i and vehicle j will not be lj , which means the
vehicle i will not contact the back bumper of vehicle j. On
the other hand, the distance between vehicle i and vehicle j
will not be equal to or bigger than the communication range ρ.
This conclusion ensures that the topological connection of the
vehicle platoon will not be interrupted in the process of system
transformation over the interval [t0, t1). Therefore, the platoon
system can only establish new communication connections at
time t1. As a result, the connectivity of the system will be
guaranteed. The proof of Theorem 1 is done.

String stability is an important indicator of the vehicle
platoon system. In this paper, we use asymptotically time-
domain string stability (ATSS) to analyze the string stability
of the platoon system. According to the definition of ATSS in
[45], the origin ei = 0, i ∈ N of an interconnected system is
ATSS if a given δ > 0 is bounded. Hence we have

sup
i
|ei(0)| < δ =⇒ sup

i
‖ei(t)‖∞ → 0, (26)

where ei = x̃ij − Ŝij . Based on the results obtained from
Theorem 1, we can then have the following theorem.

Theorem 2: Consider a vehicle platoon system with time-
varying topology defined in Theorem 1. Suppose that the initial
connection topology of the vehicle platoon G(t0) is connected
and the initial system energy Ψ(t0) is bounded. If the condition
(15) is satisfied, all vehicles’ speeds will converge to the lead
vehicle’s speed. And the following distance between vehicles
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will converge to the desired value. Meanwhile, the platoon
system is ATSS.

Proof: We expand on the above proof using mathematical
induction. Suppose that there are N1 new connections being
added to the platoon system at t1. N1 is limited, Ψ(t1) <
Ψ(t0) + N1Vmax, thus Ψ(t1) is also bounded. Lemma 4
indicates that Q(t1) is the Laplace matrix of graph ¯G(t1), the
weighted mirror graph of a strongly connected directed graph
G(t1). According to the Lemma 2, λ2(βQ(t0) + 2PH)(t0) ≤
λ2(βQ(t1) + 2PH)(t1) can be obtained. Applying this result
to all tk(k ≥ 2) moments, we get the following description

λ2(βQ+ 2PH)(tk) ≥ λ2(βQ+ 2PH)(tk−1)

≥ λ2(βQ+ 2PH)(t0).
(27)

Therefore, the derivative of H(t) in the interval [tk−1, tk)
can be obtained

Ψ̇(t) ≤ − (λ2 (βQ+ 2PH) (tk−1)− 4mf) ‖ṽ‖2

≤ − (λ2 (βQ+ 2PH) (t0)− 4mf) ‖ṽ‖2

≤ 0,∀t ∈ [tk−1, tk) .

(28)

Hence, there exists Ψ(tk) ≤ Ψ(tk−1) ≤ Ψmax),∀t ∈
[tk−1, tk). This result also indicates that existing topology con-
nections in the system will not be disconnected in the interval
[tk−1, tk), but a limited number (Nk) of new communication
connections will be added at time tk. The newly established
communication connection will satisfy the following equation:

Nk ≤
2mN −m2 +m

2
−N

N0 + · · ·+Nk ≤
2mN −m2 +m

2

(29)

Obviously, Ψ(tk) ≤ Ψ(t0) +
(N1 +N2 + · · ·+Nk)Vmax ≤ Ψmax can be guaranteed.
For a limited number of vehicles in a platoon, the number
of topology connection is limited. Therefore, the number of
topology switches is also limited. Assume that the vehicle
platoon system establishes a stable connection topology at
time tk. Then the string stability of vehicle platoon will be
analyzed over interval [tk,∞). Based on the above analysis,
we know that the length of the communication connection
satisfies the following constraintsx̃ij ≥ min

{
Ṽ −1
ij (Ψmax)

}
x̃ij ≤ max

{
Ṽ −1
ij (Ψmax)

}
.

(30)

Define a following set:

S =
{
x̃ ∈ D1, ṽ ∈ RN×N |Ψ(x̃, ṽ) ≤ Ψmax

}
(31)

where D1 =


x̃ = RN×N |x̃ij ∈

min
{
Ṽ −1
ij (Ψmax)

}
max

{
Ṽ −1
ij (Ψmax)

}


∀(i, j) ∈ G(tn)

.

According to LaSalle’s invariance principle, state trajectory
of this vehicle platoon system will converge to the following
set:

Send =
{
x̃ ∈ D1, ṽ ∈ RN×N |Ψ̇(x̃, ṽ) = 0

}
. (32)

Substituting Ψ̇(x̃, ṽ) = 0 to (28) , ṽ = 0 is obtained, i.e.,

v1 = · · · = vN = v0. (33)

Hence, d‖xij‖22
dt = 2xT

ij(vi−vj) = 0 , which means the distance
between vehicle i and vehicle j will achieve asymptotically
stable.

According to the initial condition, v0 is constant speed, and
combined with (33), we have

a = −


∑
j∈Nl∪{l}∇x̃1

Ṽ1j

...∑
j∈Nl∪{l}∇x̃N

ṼNj

 = 0. (34)

(34) shows that the vehicle platoon converges gradually to the
geometric configuration corresponding to the extreme point
of the global field function. However, only the equilibrium
points corresponding to the local minimum points are stable
equilibrium points, so the final geometry of the vehicle platoon
minimizes the global potential function corresponding to each
vehicle. Because the potential field function is non-negative
over the interval (lj , ρ), according to the (34), Ṽij = 0 is
obtained, which means x̃ij = Ŝij , and ei = 0. Hence, (26)
is satisfied, which means the platoon system is ATSS and the
distance between vehicle i and vehicle j will converge to the
desired value.

Algorithm 1 enables the implementation of the distributed
control protocol proposed in this section. For each follower
vehicle in the vehicle platoon system, this algorithm will be
used to achieve cooperative platooning.

Algorithm 1 Distributed controller of each vehicle i
Input: Position and velocity of neighboring vehicles, xj , and

vj
Output: Control input ui for vehicle i.

1: Initial Ψmax according to (12).
2: Receive the xj , vj , x0, and v0 within the communication

range of vehicle i.
3: for each vehicle j within the communication range.
4: Calculate Ŝij according to (2).
5: Calculate the gradient ∇xiVij of (11).
6: End for
7: Calculate the control input ui according to (10)
8: Return Control input ui

Remark 1: Some methods based on spring-mass-damper
have been applied to connected vehicle platoon control. For
example, [46] uses a novel control scheme including the
inter-distance reference model. It transforms the longitudinal
control problem to a tracking problem of the inter-distance
reference signal. But this method does not consider the
degradation problem of CACC. In the traditional spring-mass-
damper methods, the controller parameters are designed from
a mechanical perspective. Stabilization and platooning of the
vehicle platoon system can be achieved by setting the appro-
priate spring constant and the damping coefficient. However,
due to the linear superposition characteristics of the spring-
mass-damping, these controllers may cause very large control
inputs to the vehicle, which should be avoided in real-world
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applications. In addition, these approaches cannot ensure the
preservation of topology connectivity in the vehicle platoon
system. On the contrary, our proposed spring damping energy
model considers the car row system from the perspective of
energy and dissipative system. We design a nonlinear bounded
interaction function to ensure the boundedness of the vehicle
control input. Besides, it is demonstrated that the topological
connectivity of the vehicle platoon system is maintained and
enhanced under our control algorithm.

C. Robustness to V2V Communication Loss

Under the framework of the traditional CACC algorithm, the
stability of the platoon highly relies on V2V communication.
Once V2V communication is lost due to hardware faults,
CACC will degenerate into ACC, thus increasing the risk of
vehicle collision [38]. As we know, when vehicle i in CACC
status degenerates into ACC status, the vehicle i lacks the
state information of vehicle i− 2 out of radar field of view.
Once vehicle i− 2 has a rapid and unexpected deceleration,
vehicle i− 1 may have enough time to respond to braking or
deceleration. However, vehicle i may not be able to complete
braking or deceleration in a short time because it cannot
recognize the unexpected behavior until the completion of
vehicle i− 1 response. However, V2V communication loss
is widespread in practical applications. The causing reasons
could be hacking, malfunctioning communications equipment,
or jammers [21]. This section will analyze how the distributed
control algorithm based on the spring damping energy model
can resist V2V communication loss.

Suppose that the V2V communication connection between
vehicle i and vehicle i+ 2 is lost, which means that spring
Ki,i+2 and the damping element ci,i+2 breaks off in the
corresponding spring damping energy model (shown in Fig. 3).
When Ki,i+2 breaks, the energy stored in Ki,i+2 disappears,
which means that the total current energy of the system
decreases. Since the total system energy is decreasing, the
energy stored in the other springs can never exceed the
upper limit of the spring’s energy storage. This proves that
the distance between the two agents is still no less than
the compression limit of the spring and no more than the
tensile limit. Therefore, for the platoon system, when the
communication between vehicle i + 2 and vehicle i is lost,
vehicle i + 2 can still maintain the topological connection
with vehicle i+ 1 through the front radar, and at the same
time ensure that the vehicle will not collide with vehicle i,
which is not achieved by the existing CACC algorithm.

We reiterate two of critical preconditions of Theorem 1 and
Theorem 2. The initial connection topology of the vehicle
platoon G(t0) is connected and the initial system energy Ψ(t0)
is bounded. Assume that V2V communication is lost in some
vehicles of the vehicle platoon system. Then the CACC state
will degrade to the ACC state. The vehicle can only obtain
the status information of the vehicle in front through the
onboard sensors, thus establishing the simplest directional
topology connection. The connection topology still satisfies
the precondition that the initial topology is connected. When
CACC degrades, the number of topology connections of the

platoon system will decrease. According to the definition of
(12), the total energy of the system will decrease when the
topological connections are reduced. Hence, the total energy of
the platoon system still satisfies the condition that the energy is
bounded. Therefore, Theorem 1 and Theorem 1 and Theorem 2
still hold despite the loss of communication, which means that
the stability of the vehicle platoon, the connectivity between
vehicles, and collision avoidance can always be guaranteed
under the proposed protocol (10).

IV. EXPERIMENTAL VERIFICATION

In this section, we focus on verifying the effectiveness of the
proposed theoretical results through simulation experiments.
We use MATLAB and Unreal Engine for the simulation
experiments. In Unreal Engine, the evolution of the vehicle
platoon system can be observed visually. We consider how the
algorithm performs with different communication topologies
and how it works in the case of V2V communication loss.
The parameters used in the simulation experiments are given
as follows:
• The vehicle platoon consists of five followers and one

leader. The initial connection topology of vehicles platoon
is connected.

• The communication range of a vehicle ρ is 17 m, and a
communication link can be established between vehicle
once the distance is less than 17 m.

• The desired distance between the front bumper of each
vehicle and the back bumper of its adjacent vehicle ahead
is 4 m, and the vehicle body length is 4 m.

• The leader’s speed is 6 m/s and the initial speed of
each following vehicle is obtained randomly in interval
[2, 6] m/s. The maximum velocity of each vehicle vmax
is 30 m/s.

• The sampling time is 0.025 s, control gain β = 10, ξ1 =
ξ2 = 2, c1 = c2 = 2. Furthermore, we determine the
Ψmax = 10 according to (12).

In addition, in this section, we introduce time-to-collision
(TTC) [47] notion to evaluate the safety of the vehicle platoon
system. TTC is defined as:

TTCi(tk)

{
xi−1(tk)−xi(tk)−li−1

vi(tk)−vi−1(tk) if vi(tk) > vi−1(tk)

∞ if vi(tk) ≤ vi−1(tk)
.

(35)
TTC indicates the time for the collision of two consecutive
vehicles in the same lane to occur if they maintain their
current velocity when the vehicle i − 1 in front of them is
moving slower than i. A smaller TTC value characterizes a
more dangerous traffic condition.

A. Case 1: Dynamic Topology

In this case, the effectiveness of the algorithm under
dynamic network topology is verified. All the vehicle will
disconnect or establish new communication connections in
real-time, depending on the status of the surrounding vehicles.
Note that the number of topological connections characterizes
the system’s stability to a certain extent, so in the case of
dynamic topology, the increase of the system communication
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(a) t=0 s (b) t=5 s

(c) t=10 s (d) t=40 s

Fig. 4. Process of the vehicle platooning task under dynamic network topology.
The yellow car denotes the leader, and green cars represent the followers.

connections is beneficial for the stability of the vehicle platoon
system.

Fig. 4 depicts the evolution of the entire vehicle platoon
system. It is intuitive to see that with the application of
the CACC algorithm proposed in this paper, the vehicle
successfully forms a stable vehicle platoon system with a
safe following distance. Fig. 5 indicates the velocity changes
of vehicle platoon for dynamic network topology. The result
shows that the velocity of every follower can converge to the
velocity of the leader. There is an apparent phenomenon of a
sudden change in the speed of the vehicle as it converges.
According to our analysis of the experimental results, the
abrupt change in speed is mainly caused by the new commu-
nication connections. It is clear from the control protocol (10)
that when a new communication connection is added at the
moment tk, the vehicle’s control input at the moment tk will
suddenly increase or decrease. From Fig. 6, the following
distance will also converge to the desired value which is
defined as 4 m. Meanwhile, we can note that the following
distance is always greater than 2 m, which means the vehicle
will never be in a collision with its neighbors. In addition,
the communication connection topology of the vehicle platoon
changes dynamically as the following distance changes. As
can be seen in Fig. 7, the initial number of connections in the
platoon is 5, and after t = 17.15 s, the number of connections
in the platoon rises to 9 connections. This also means that the
convergence speed and stability of the whole platoon system
are improved. We can also observe the process of generating
new connections for the vehicle platoon in Fig. 8. From all
these figures, it is now concluded that the desired vehicle
platooning is achieved under the influence of the dynamic
network topology.

Fig. 5. Time-variation of the velocities of the vehicles, where v0 represents
the velocity of the leader and v1-v5 represent the velocities of 5 followers.

Fig. 6. Time-variation of the vehicle following distances, where the length of
the vehicle is defined as 4 m and the desired distance between the vehicle
head and the rear of the vehicle in front of it is set as 4 m.

Fig. 7. Time-variation of the number of communication connections.

Fig. 8. The dynamic vehicle communication network topology at certain time
instant.

B. Case 2: Fixed Topology with V2V Communication Loss

In this subsection, we verify the effectiveness of the
algorithm for fixed network topology. Here, a worst-case
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Fig. 9. Time-variation of the velocities of the vehicle platoon without V2V
communication.

Fig. 10. Time-variation of the vehicle following distances without V2V
communication.

fixed topology is considered, e.g., V2V communication is
completely disabled, and the topological connection between
vehicles is only achieved by the onboard radar, i.e. the vehicle
can only acquire the position and speed information of the
closest vehicle ahead. The connection topology is as shown
in Fig. 8 at moment t = 0 s. With this fixed communication
topology, the results in Fig. 9 and Fig. 10 show that the speed
and following distance of the vehicle platoon still converge
to the desired values although the CACC completely degrades
to an ACC. Unlike dynamic topologies, the fixed topology
does not experience sudden speed changes under this control
protocol (10). This scenario is of great practical importance.
When the vehicle platoon is subject to network attacks or
communication blocking, the energy model and distributed
control protocol proposed can ensure that the vehicle platoon
continues to converge safely to a steady state. However, the
negative impact of communication loss is also obvious, i.e., it
reduces the system convergence speed. A careful comparison
of Fig. 6 and Fig. 10 shows that the following distance of the
vehicle platoon system converges to the desired value more
quickly in the CACC state.

C. Case 3: Vehicle Platoon Merging

Vehicle merging is a common driving scenario. The merging
of two different vehicle platoon systems can cause a shock
to the original system. Therefore, the CACC algorithm must
ensure that multiple vehicle platoon systems are safe and
reliable during the merging process. As shown in Fig. 11, for
this scenario, we selected two initial vehicle platoon systems
that did not enter the steady state. Both platoon systems
have their leaders, and when the left platoon system merges
into the right platoon, the leader of the left platoon system
automatically becomes the follower of the new platoon system.

(a) t=0 s (b) t=10 s

(c) t=40 s (d) t=70 s

Fig. 11. Two vehicle platoons merge and form a new platoon system. The
yellow car denotes the leaders of two initial vehicle platoons, and green cars
represent the followers.

Fig. 12. Time-variation of acceleration of the two vehicle platoons merging
process.

The new platoon system gradually converges to the same
velocity as the leader and maintains the desired following
distance. Figures 12, 13, 14, and 15 show the process of
changing vehicle acceleration, velocity, following distance and
communication topology connections, respectively. The exper-
imental results fully demonstrate that the CACC algorithm
we introduced can achieve a safe and effective merging of
two vehicle platoon systems. Note that high peaks can be
found in Fig. 13, which are mainly caused by switching
communication topology. As can be seen in Fig. 15, two
topological connections are established at about t = 45 s, which
causes a sudden change in the velocity of the vehicle. At
that moment, the acceleration of v4 and v5 is approximately
4.5 m/s2. The lower and upper bounds of acceleration are
-8 m/s2 and 8 m/s2, respectively.

D. Case 4: Vehicle Platoon Separating

Another common scenario exists during vehicle platooning,
where a vehicle in a CACC state disengages from the current
vehicle platoon system. A vehicle platoon system in steady
state is bound to leave the original steady state after losing
some of its communication nodes. The CACC algorithm must
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Fig. 13. Time-variation of the velocities of the two vehicle platoons merging
process.

Fig. 14. Time-variation of the following distance of the two vehicle platoons
merging process.

Fig. 15. Time-variation of number of communication connections of the two
vehicle platoons merging process.

ensure that the platoon system can form a new steady state
in a limited time. As shown in Fig. 16, we consider a
scenario where there are two follower vehicles in a steady-
state platoon system ready to leave the original platoon, move
into the adjacent lane and form a new platoon system. Fig. 16
illustrates the separation of the entire platoon system into
two platoon systems and the formation of a new steady state.
Fig. 17 and Fig. 18 also show that after the separation of the
platoon system, the two newly formed platoon systems also
converge to the desired velocity and following distance in a
finite time.

E. Case 5: Sudden Velocity Change of the Leader

In this subsection, we explore how the steady-state platoon
system responds to the leader’s temporary unpredicted accel-
eration or deceleration. The impact of sudden changes in the
leader’s speed on the entire platoon system is obvious, which
places a high requirement on the string stability of the platoon
system. In [48], a distributed predictive control approach was
used to implement the string stability of the vehicle platoon.

(a) t=0 s (b) t=10 s

(c) t=30 s (d) t=60 s

Fig. 16. Some of the followers break away from the platoon system and form
a new platoon. The red cars represent the followers which are out of the
platoon.

Fig. 17. Time-variation of the velocities of vehicle platoons separating process.

Fig. 18. Time-variation of the following distance of vehicle platoons separating
process.

The results demonstrate the effectiveness of the distributed
predictive control approach for speed convergence, with the
fleet speed responding quickly to changes in reference vehicle
speed and converging back to steady state. However, one
obvious drawback is that the vehicles travel a different distance
when they converge to a new steady state, which means that
the vehicle spacing in the platoon does not recover to the
desired steady state value. It can be further observed that the
spacing between vehicles is increased. The increased following
distance of the same platoon of vehicles in two different
steady states means that the capacity of the road decreases.
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However, such drawback can be overcome by the method
proposed in this paper. Fig. 19 (a) and (b) depict the string
stability performance of the vehicle platoon under the control
protocol proposed in this paper. After a sudden acceleration
or deceleration of the leader, the vehicle platoon system is
able to converge back to a steady state in a limited time. In
addition, the velocity variation shows that the speed of the
follower vehicle remains almost synchronized throughout the
variation.

F. Comparisons and Discussions

We compare the performance of the proposed method in this
paper with the traditional CACC algorithm [49] in scenarios
where the leader experienced unintended acceleration or de-
celeration. The results in Fig. 19 (a) and (c) show that the
algorithm proposed in this paper has a faster convergence rate
and also a better consistency in the velocity of the followers
in the vehicle platoon system. Additionally, Fig. 19 (b) and
(d) also indicate that the vehicle platoon system with our
algorithm has more stable following distances when the leader
experiencing unintended acceleration or deceleration. More
importantly, according to the (35), the minimum value of TCC
is calculated and shown in Fig. 19 (a) and (c). The results show
that our algorithm has a higher TCC value than the traditional
CACC algorithm, which means our algorithm is safer.

There are existing control methods that switch between
ACC and CACC to address topology changes while still
maintaining stability. [50] uses state estimation to deal with
the degradation of CACC. This method uses a discrete-time
Kalman filter to estimate the object vehicle acceleration and
replaces the desired acceleration with the estimated value.
Moreover, [51] addresses the degradation of CACC from a
communication perspective. This approach requires an extra
message-sending function for the vehicle to optimize the
information flow topology, thus ensuring fleet stability when
CACC degrades. In our paper, we tackle the degradation
problem of CACC from the control perspective and propose a
control algorithm that can be applied to both CACC and ACC,
thus reduce the development cost of the vehicle.

V. CONCLUSION

In this paper, we proposed a distributed CACC control
protocol based on SDEM. Under this control protocol, the
vehicle-to-vehicle relationship is defined by a special nonlinear
spring and linear damping. Through rigorous mathematical
proofs, the stability of the connected vehicle platoon is guaran-
teed, and vehicle platoon connectivity can be maintained and
enhanced during the evolution of the vehicle platoon system.
This control protocol enables distance, and speed stabilization
of the connected platoon, i.e. the whole platoon will converge
to the leader’s speed and maintain the desired following
distance. The control protocol also enables stable control and
maintains the stability of the platoon system in the event of
loss of platoon communication. In addition, we simulated a
large number of usage scenarios using numerical simulations.
The results show that the SDEM and control protocol are
suitable for vehicles in the CACC state and also work well for

vehicles in the ACC state. Meanwhile, the proposed algorithm
ensures the safety and stability of the platoon system for both
platoon merging and separation scenarios. For sudden speed
shifting of the leader, the vehicle platoon has good string
stability. One limitation of this work is that vehicle platoon
with time-varying topology may experience abrupt changes in
control inputs, which may reduce the comfort of the vehicle.
However, we will address and optimize this limitation in our
future work.
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[7] S. Knorn, A. Donaire, J. C. Agüero, and R. H. Middleton, “Passivity-
based control for multi-vehicle systems subject to string constraints,”
Automatica, vol. 50, no. 12, pp. 3224–3230, 2014.

[8] Y. Wei, C. Avcı, J. Liu, B. Belezamo, N. Aydın, P. T. Li, and X. Zhou,
“Dynamic programming-based multi-vehicle longitudinal trajectory opti-
mization with simplified car following models,” Transportation research
part B: methodological, vol. 106, pp. 102–129, 2017.

[9] T. Stanger and L. del Re, “A model predictive cooperative adaptive cruise
control approach,” in 2013 American Control Conference. IEEE, 2013,
pp. 1374–1379.

[10] R. Schmied, H. Waschl, R. Quirynen, M. Diehl, and L. del Re, “Non-
linear mpc for emission efficient cooperative adaptive cruise control,”
IFAC-papersonline, vol. 48, no. 23, pp. 160–165, 2015.

[11] H. Kazemi, H. N. Mahjoub, A. Tahmasbi-Sarvestani, and Y. P. Fallah,
“A learning-based stochastic mpc design for cooperative adaptive cruise
control to handle interfering vehicles,” IEEE Transactions on Intelligent
Vehicles, vol. 3, no. 3, pp. 266–275, 2018.

[12] S. Gong and L. Du, “Cooperative platoon control for a mixed traffic
flow including human drive vehicles and connected and autonomous
vehicles,” Transportation research part B: methodological, vol. 116, pp.
25–61, 2018.

[13] Y. Zheng, S. E. Li, K. Li, F. Borrelli, and J. K. Hedrick, “Dis-
tributed model predictive control for heterogeneous vehicle platoons
under unidirectional topologies,” IEEE Transactions on Control Systems
Technology, vol. 25, no. 3, pp. 899–910, 2016.

[14] S. E. Li, Y. Zheng, K. Li, Y. Wu, J. K. Hedrick, F. Gao, and
H. Zhang, “Dynamical modeling and distributed control of connected
and automated vehicles: Challenges and opportunities,” IEEE Intelligent
Transportation Systems Magazine, vol. 9, no. 3, pp. 46–58, 2017.
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