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Abstract— Control of a platoon of connected vehicles with
nonlinear longitudinal dynamics subject to failure in receiving
communicated and radio data is addressed in this paper. We con-
sider a scenario when due to malfunction of communication
and radio devices, required data for cooperative adaptive cruise
control may be stochastically unavailable. We develop a control
scheme such that under certain conditions, the regulation of
the intervehicle distances in desired values can be guaranteed.
Specifically, we rigorously show that if the probability of receiving
the required data for each vehicle is not zero, then under
the proposed control strategy, the intervehicle distances almost
surely converge to the desired values. Accurate performance
of radars is a key assumption in the existing results in the
literature on cooperative adaptive cruise control. Hence, the
main contribution of this paper is that under the proposed
control strategy, the robustness of the platoon against stochastic
data loss in both communication network and vehicles radars is
guaranteed. Simulation results verify the acceptable performance
of the proposed control strategy.

Index Terms— Adaptive control, adaptive cruise control, data
loss, stochastic systems, vehicular platoons.

I. INTRODUCTION

ADAPTIVE cruise control is a radar-based technology
in today driver-assistance systems based on which each

vehicle adjusts its speed to keep a desired distance from its
preceding vehicle. Accordingly, one of the vehicles (driven by
a human, semi-autonomously, or autonomously) may serve as

Manuscript received 5 July 2022; revised 4 March 2023, 24 July 2023,
and 28 October 2023; accepted 2 November 2023. Date of publication
1 January 2024; date of current version 31 May 2024. This work was
supported in part by the European Union’s Horizon 2020 Research and Inno-
vation Program under the Marie Skłodowska-Curie Agreement 101027980
and the Agreement 739551 (KIOS Center of Excellence) and in part by the
Italian Ministry for Research in the framework of the 2017 Program for
Research Projects of National Interest (PRIN) under Grant 2017YKXYXJ.
The Associate Editor for this article was S. Santini. (Corresponding author:
Hamed Rezaee.)

Hamed Rezaee is with the Department of Mechanical Engineering, Imperial
College London, SW7 2AZ London, U.K. (e-mail: h.rezaee@imperial.ac.uk).

Kangkang Zhang is with the Department of Electrical and Electronic
Engineering, Imperial College London, SW7 2AZ London, U.K. (e-mail:
kangkang.zhang@imperial.ac.uk).

Thomas Parisini is with the Department of Electrical and Electronic
Engineering, Imperial College London, SW7 2AZ London, U.K., also with
the Department of Engineering and Architecture, University of Trieste,
34127 Trieste, Italy, and also with the KIOS Research and Innovation
Center of Excellence, University of Cyprus, 1678 Nicosia, Cyprus (e-mail:
t.parisini@imperial.ac.uk).

Marios M. Polycarpou is with the KIOS Research and Innovation Center
of Excellence and the Department of Electrical and Computer Engineering,
University of Cyprus, 1678 Nicosia, Cyprus (e-mail: mpolycar@ucy.ac.cy).

Digital Object Identifier 10.1109/TITS.2023.3335310

a leader for a platoon of vehicles, while the other vehicles
follow their preceding vehicles in desired relative distances.
Cooperative adaptive cruise control (CACC) is an enhanced
version of adaptive cruise control, based on which in addition
to radar-based information, the vehicles exchange more state
information via a communication network. Accordingly, the
performance/accuracy of each vehicle in following its preced-
ing vehicles can be improved [1], [2], [3], [4], [5].

Due to stochastic properties of electronic and commu-
nication devices, communication and radio subsystems are
subject to data lose, and this issue can affect the performance
of closed-loop control systems. Thus, one of challenging
problems in control of vehicular platoons is guaranteeing
regulation of intervehicle distances in desired values when
information flow via communication or receiving data via
radars are stochastically failing over time.

A. State of the Art and Motivation of the Study

In the CACC problem, spacing errors (error of keeping
desired distances) are the variables to be regulated, and
hence in the literature, CACC has relied on the accurate
measurement of the distances among the vehicles. Therefore,
in the existing results on CACC in the presence of data loss,
accurate performance of the radars is an assumption, and just
communication loss is considered. For instance, control of
connected linear vehicles in the presence of cyber-attacks is
investigated in [6], [7], and [8], in which attacks are modeled
as random data loss in communication among the vehicles.
In [9], to reduce the impact of communication loss in linear
connected vehicles, an observation strategy is proposed to
estimate the state information of the preceding vehicle. In [10]
and [11], switching strategies for adaptive control of linear
vehicular platoons in the presence of communication loss are
developed. In [12], a model with capability of adaptation to
changes in platoons topology due to communication failures
is developed. Control of linear vehicular platoons in the
presence of random data loss is studied in [13] and [14].
In [15], the stochastic L2 stability of linear connected vehicles
under unreliable communication channels is addressed, and to
increase the robustness of linear connected vehicles against
data loss, the idea of using model predictive control is used
in [16] and [17]. However, in practice, radars are also subject
to data loss, and data loss is an inevitable issue in radars [18],
[19], [20], [21], [22]. Hence, assumption on receiving data
from radars constantly may not be always realistic.
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In addition to the aforementioned studies, CACC in the pres-
ence of delays is also considered in several studies in recent
years (for instance, see [23], [24], [25], [26]). The main focus
of those studies is on just guaranteeing the local stability and
string stability of the platoon in the presence of time-delays in
the communication network. For instance, in [23] decreasing
minimum string-stable time gap in linear connected vehicles
is considered. To achieve this goal, based on knowledge of
the upper bound of the communication delays, a control
architecture based on the Smith Predictor is proposed. In [24],
the problem of CACC in the presence of communication
delays is addressed. In that study, by developing an optimal
CACC strategy, the local stability and string stability of the
platoon with any time gap greater than the communication
delay are guaranteed. By developing a µ-synthesis approach,
a similar problem is addressed in [25]. In that study, based
on knowledge of the range of time delays, string stability in
the presence of communication delays is studied, and in [26],
results of simulation studies of the robustness of nonlinear
connected vehicles in the presence of communication delays
are presented.

B. Objectives and Contributions

By considering the constant time-gap spacing policy [27],
[28], a distributed adaptive control strategy for a platoon of
vehicles is proposed in this paper. Since the main objective in
CACC is regulation of intervehicle distances in desired values,
access to the information of the intervehicle distances is an
important requirement. Accordingly, in the existing results
on CACC (dealing with data loss) [6], [7], [8], [9], [10],
[11], [13], [15], [16], [17], the constant measurement of the
distances among the vehicles is a key assumption such that the
radars should measure the intervehicle distances constantly.
In other words, the design and analysis of the CACC strategy
in the aforementioned studies is based on correct performance
of the vehicles radars. The main contribution of this paper
is to propose a CACC strategy which does not rely on
the constant availability of distance information measured by
radars, and guarantees the robustness of the platoon against
both communication and radar data loss. We develop a control
strategy such that in the presence of communication and radar
stochastic data loss, the convergence of some surfaces of the
vehicles states to zero is guaranteed. On the surfaces, we show
that if the probability of receiving the required data for CACC
is not zero, the intervehicle distances almost surely converge
to the desired values.

In addition to robustness against data loss, we show that
under certain conditions, the proposed CACC strategy is robust
against delays in the platoon of vehicles as well. Despite
the existing results in the literature devoted to CACC in the
presence of communication delays [23], [24], [25], [26], under
the proposed control strategy, the robustness of the platoon
against delays in both the vehicles radars and the communi-
cation network is guaranteed. Moreover, based on the control
structure proposed in this paper, the effect of time-delays is
rejected. In this condition, for unknown communication delay
(with unknown upper bound), the spacing errors almost surely

converge to zero and local stability and string stability of the
platoon are also guaranteed.

It is worth mentioning that a preliminary version of this
paper was presented in the conference paper [29]. The obtained
results in [29] are based on conditions on the control gains
with respect to the probability of receiving data. However,
in the proposed control strategy in this paper, no knowledge
of the probability of receiving data is needed. Moreover,
in [29], the vehicles are modeled as linear double-integrators.
However, when the model parameters are unknown, feedback
linearization may not be possible such that the vehicles
may not be described by integrator models. Hence, another
difference between the current study and [29] is that the
nonlinear model of the longitudinal dynamics of the vehicles
with unknown parameters is considered in this paper. It should
be noted that in the presence of data loss, some closed-
loop control variables of the vehicles are not continuous and
differentiable, and this issue makes the design of an adaptive
control strategy more challenging.

The rest of the paper is organized as follows. Preliminaries
are provided in the next section. The problem is stated in
Section III. The control strategy is proposed in Section IV.
Section V provides simulation results, and some conclusions
are given in Section VI.

II. PRELIMINARIES

Notations and some concepts and definitions on stochastic
processes are presented in this section.

A. Notations

R is the set of real numbers. R>0 and R≥0 denote the sets of
positive and non-negative real numbers, respectively. E{·} and
P{·} are the expected value and probability of a stochastic vari-
able, respectively. E{X |E} denotes the conditional expected
value of X given E . K denotes the class of continuous and
strictly increasing functions from [0, a) to [0, ∞) such that
k(0) = 0. | · | denotes the absolute value, and sgn(·) denotes
the sign function defined as follows:

sgn(x) =


1 x > 0
0 x = 0

−1 x < 0.

Moreover, ≡ denotes equivalency such that x(t) ≡ 0 implies
that x(t) is identical to zero. sup{·} denotes supremum. ∥ ·∥Lp

stands for the Lp norm. ‘a.s.’ means ‘almost surely’, and ‘w.p.’
means ‘with probability’.

B. Stochastic Processes

We describe a stochastic process by the probability triple
(�,F , P) where � denotes the space of events, F is a σ -
algebra on �, and P is a probability measure on (�,F) where
0 ≤ P{·} ≤ 1 and P{�} = 1 [30]. A filtration {Ft , t ≥ 0} on
(�,F , P) is a family of sub-σ -algebras of F where

Fq ⊂ Ft , q < t.

Accordingly, a stochastic process X = {X (t), t ≥ 0} is said to
be adapted to the filtration {Ft } if X (t) is Ft -measurable for
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all t ≥ 0. Now, X is said to be a super-martingale relative to
{Ft } and P if [30], [31]:

i) X is adapted to the filtration {Ft },
ii) E

{
|X (t)|

}
< ∞, ∀t ,

iii) E{X (t)|Fq} ≤ X (q), t > q .
We say the stochastic variable X (t) converges to X f in the

sense of probability if for any ϵ ∈ R>0 [32],

lim
t→∞

P
{
|X (t) − X f | ≥ ϵ

}
= 0.

Moreover, we say the stochastic variable X (t) almost surely
converges to X f if [32]

P{ lim
t→∞

X (t) = X f } = 1.

If this holds, we write

lim
t→∞

X (t)
a.s.
−→ X f .

In general, we say that an event happens almost surely if
it happens with probability 1. Now, based on the concepts
of super-martingales and almost sure convergence, the Super-
Martingales Convergence Theorem can be stated as follows.

Theorem 1: [31, Th. 4.1] Let X = {X (t), t ≥ 0} be a non-
negative super-martingale. Then, X (t) almost surely converges
to a non-negative finite value.

III. PROBLEM STATEMENT

Consider a platoon of vehicles consisting of a leader indexed
by i = 0 and N followers indexed by i ∈ S = {1, 2, . . . , N },

where the mathematical model of the longitudinal dynamics
of the i th vehicle is as follows [1], [33]:

ẋi (t) = vi (t)

v̇i (t) =
1

Mi

(
Fia(t) − Fid(t) −

1
2

Ciηi Aivi (t)2

− Mi g fi cos φi (t) − Mi g sin φi (t)
)
, (1)

where xi (t) denotes the displacement of the rear-bumper, vi (t)
is the speed, φi (t) is the road grade, Fia(t) denotes the accel-
erating input and Fid(t) denotes the deaccelerating/braking
input. For simplicity of notation, in the rest of the paper
we consider Fi (t) = Fia(t) − Fid(t) as the control input.
In this condition, the positive part of the input signal is
associated with Fia(t) and the negative part of the input signal
is associated with Fid(t). Moreover, g is the gravitational
acceleration and Mi , Ci , ηi , Ai , and fi are unknown constant
parameters where Mi is the mass, Ci is the coefficient of the
aerodynamic drag, ηi is the air density, Ai is the frontal area,
and fi is the coefficient of the rolling resistance.

Let Vehicle i − 1, i ∈ S, be the preceding vehicle of
Vehicle i . Accordingly, we define the distance of Vehicle i
from Vehicle i − 1 as follows:

di (t) = xi−1(t) − L i − xi (t), (2)

where L i denotes the length of Vehicle i . Note that xi (t) may
not be an accessible information. Thus, we assume that Vehicle
i just has access to the relative distance di (t) from Vehicle
i − 1. In this condition, the objective is to develop a local

Fig. 1. A platoon of four connected vehicles.

control strategy for each vehicle such that by considering a
spacing policy, Vehicle i, i ∈ S, reaches a desired distance
from Vehicle i − 1. A common spacing policy is the constant
time-gap spacing policy based on which the desired distance
of Vehicle i from Vehicle i −1 is a linear function of the speed
of Vehicle i determined as follows [27]:

ddes,i (t) = ri + hivi (t), i ∈ S, (3)

where ddes,i (t) is the desired distance of Vehicle i from Vehicle
i − 1, ri is the standstill distance, and hi is the time headway.
Therefore, the spacing error of the i th vehicle is described as
follows:

ei (t) = ddes,i (t) − di (t), i ∈ S. (4)

In order to design a proper control strategy for Vehicle i
such that the spacing errors ei (t), i ∈ S, converge to zero, it is
necessary for the vehicle to have access to some information
of the preceding vehicle. We assume that di (t) is measured
by a local radar, and more required state information of the
preceding vehicle is obtained via the communication network
connecting the vehicles. In Fig. 1, a platoon of connected
vehicles equipped with radars under a communication network
is depicted. However, due to malfunction of electronic and
communication devices, the radars and the communication
network may be subject to data loss. Accordingly, by assuming
the data loss to be stochastic, for Vehicle i, i ∈ S, we define
pi (t) ∈ [0, 1] as the probability of receiving all the required
radio/communication data, that is, 1 − pi (t) is the probability
of losing some radio/communication data. In the presence of
stochastic communication and radar failure, the objective is to
develop a control strategy such that the spacing errors almost
surely converge to zero as follows:

lim
t→∞

ei (t)
a.s.
−→ 0, i ∈ S. (5)

Since the vehicles parameters are considered unknown,
an adaptive control scheme is needed. To design a suit-
able adaptive control strategy, the following assumption is
considered.

Assumption 1: The leader speed and acceleration are
bounded.

We should note that the stability analysis of the vehic-
ular platoon under the proposed control strategy relies on
the boundedness of the leader speed and acceleration. How-
ever, such requirement is typically satisfied in real practical
scenarios.

Remark 1: Since the vehicles dynamics depend on the road
slope, the precise performance of the proposed control strategy
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in this paper is based on the measurement of the road slope
by possible slope meters. Such sensors are also required in
several other techniques for control of autonomous vehicles
(for instance, see [1] and [34]).

IV. PROPOSED COOPERATIVE ADAPTIVE CRUISE
CONTROL STRATEGY

A control strategy for regulation of the intervehicle distances
is developed in this section. The base of the proposed control
strategy is designing surfaces of the follower vehicles states
on which the spacing errors almost surely converge to zero.
Accordingly, an adaptive control strategy for driving the fol-
lower vehicles behaviors toward the designed surfaces (and
then remaining on it) is designed. For each follower, a surface
of the vehicle states is proposed as follows:

ṡi (t) = vi (t) − ξ1i (t), i ∈ S
ξ̇1i (t) = ξ2i (t)

ξ̇2i (t) =
1
hi

(
− ξ2i (t) − ki (ξ1i (t) + hiξ2i (t))

− χi (t)ai (t)sgn(ζi (t))
)
, (6)

where si (t) is the surface, and ξ1i (t) and ξ2i (t) are auxiliary
states with arbitrary initial values, ki > 0 is a constant, χi (t) >

0 is a robustifying gain to be designed later, and ζi (t) is as
follows:

ζi (t) = ξ1i (t) − ξ1,i−1(t) + hiξ2i (t)

+ ki (−di (t) + ddes,i (t)). (7)

Moreover, ai (t) ∈ {0, 1}, where we set ai (t) = 1 if Vehicle i
receives all the required communication and radar data at time
t , otherwise we set ai (t) = 0. In this condition, ai (t) will be
switching with the following probabilities:

ai (t) =

{
1 w.p. pi (t)
0 w.p. 1 − pi (t).

Indeed, pi (t) is a joint probability that Vehicle i receives all
the required information at time t . In practice, the probability
of receiving the communication data and the probability of
receiving the radar data can be different, but ai (t) is 1 when
both signals are available at time t . This means that ai (t) is
1 with the joint probability pi (t).

Note that as the discontinuous term ai (t)sgn(ζi (t)) is mea-
surable and locally bounded, Filippov solutions for (6) exist
[35]. Hence in the rest of the paper, all the solutions are in
the sense of Filippov. Moreover, regarding the leader vehicle,
since it does not follow the other vehicles and F0(t) can be
determined arbitrarily, we define ξ10(t) and ξ20(t) as follows:

ξ10(t) = v0(t)

ξ20(t) = v̇0(t). (8)

There are two considerations behind designing si (t) in the
form of (6) which are explained as follows:

1) Since the information received from the preceding vehicle
is subject to failing, ζi (t) may not be constantly available,
and this is a source of error for the control system.

As the sign function changes among {−1, 0, 1}, by using
sgn(ζi (t)) instead of ζi (t) in the control law, it is possible
to limit the magnitude of the related signals. Hence,
by considering the definition of ai (t), by proper design
of the sign function gain χi (t), it is possible to provide
robustness against erroneous signals.

2) One important concern is nonlinear robust control is the
chattering phenomenon in control inputs due to using
discontinuous robustifying terms such as the sign func-
tion. In this paper, the main idea of using the auxiliary
states ξ1i (t) and ξ2i (t) is that they increase the order
of the vehicles closed-loop models. In this condition,
the robust nonlinear control law of (6) is designed for
the auxiliary states such that the chattering due to the
sign functions just affects ξ̇2i (t). Hence, according to (6),
the existing integrator between ξ̇2i (t) and ξ2i (t) filters
the chattering in ξ1i (t) and ξ2i (t). Therefore, by proper
design of the control strategy based on chattering-free
signals, possible input chattering can be avoided. Note
that si (t) is deigned based on the auxiliary states as
(6) such that by the convergence of si (t) and ṡi (t) to
zero, the almost sure convergence of the spacing errors
to zero is guaranteed. The above-mentioned issues will
be investigated in Theorem 2.

To achieve the aforementioned objectives, since the vehi-
cles parameters are considered unknown, an adaptive control
strategy is considered. First by considering the definition of
ξ1i (t) and si (t) in (6), we define the following variable:

ρi (t) = vi (t) − ξ1i (t) + σ1i si (t), (9)

where σ1i is a positive constant. Now, we propose an adaptive
control strategy for the i th follower vehicle as follows:

Fi (t) = −si (t) − ϕi (t)⊤θ̂i (t) − σ2iρi (t), (10)

where σ2i is a positive constant and θ̂i (t) ∈ R3 is obtained
from the following adaptation law:

˙̂
θi (t) = γiρi (t)ϕi (t), (11)

in which γi is a positive constant and

ϕi (t) =

[
− vi (t)2

− g cos φi (t)

− g sin φi (t) − ξ2i (t) + σ1i (vi (t) − ξ1i (t))
]⊤

. (12)

The proposed control strategy is rigorously analyzed in
Theorem 2.

Theorem 2: Consider the vehicular platoon given in (1) and
the control law given in (6)-(12) with the gain χi (t), i ∈ S,

being designed as follows:

χ̇i (t) = ai (t)λi |ζi (t)|, (13)

where λi ∈ R>0 is any positive scalar. If pi (t) ̸= 0, i ∈ S,

then we have

lim
t→∞

ei (t)
a.s.
−→ 0. (14)

Moreover, all the variables si (t), ξ1i (t), ξ2i (t), θ̂i (t), and χi (t)
and the states di (t) and vi (t), i ∈ S, almost surely remain
bounded.
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Proof: We prove the theorem in two steps. In the first step,
we show that si (t) and ṡi (t) remain bounded and converge to
zero. Then, in the next step, along si (t) = 0 and ṡi (t) = 0,
achievement of (14) is concluded.

a) Step 1: From (6), we recall that

ṡi (t) = vi (t) − ξ1i (t). (15)

To analyze the evolution of si (t) in (15), let us consider the
following positive definite function of si (t):

V1i (t) =
1
2

si (t)2. (16)

The time derivative of V1i (t) along (15) yields

V̇1i (t) = si (t)vi (t) − si (t)ξ1i (t). (17)

Accordingly, the following control law as the desired value of
vi (t) can be considered:

δi (t) = ξ1i (t) − σ1i si (t). (18)

From (17) and (18), it follows that

V̇1i (t) = si (t)vi (t) − si (t)(δi (t) + σ1i si (t)). (19)

According to (9) and (18), one gets

ρi (t) = vi (t) − δi (t), (20)

and therefore (19) can be rewritten as follows:

V̇1i (t) = si (t)ρi (t) − σ1i si (t)2. (21)

However, because of the term si (t)ρi (t), (21) does not guaran-
tee the convergence of V1i (t) to zero. We show that the control
law given in (10) compensates this term. By considering (20),
one gets

ρ̇i (t) = v̇i (t) − δ̇i (t),

which by considering (1) and (18), can be restated with respect
to the control command Fi (t) as follows:

ρ̇i (t) =
1

Mi

(
Fi (t) −

1
2

Ciηi Aivi (t)2

− Mi g fi cos φi (t) − Mi g sin φi (t)
)

− ξ̇1i (t) + σ1i ṡi (t). (22)

From (6) and (15), (22) can be rewritten as

ρ̇i (t) =
1

Mi

(
Fi (t) −

1
2

Ciηi Aivi (t)2

− Mi g fi cos φi (t) − Mi g sin φi (t)
)

− ξ2i (t) + σ1i (vi (t) − ξ1i (t)).

Therefore, we can restate Mi ρ̇i (t) as the summation of Fi (t)
and another term obtained by the multiplication of a known
vector and an unknown parameter vector as follows:

Mi ρ̇i (t) = ϕi (t)⊤θi + Fi (t), (23)

where ϕi (t) is given in (12), and

θi =
[ 1

2 Ciηi Ai Mi fi Mi
]⊤

.

To analyze ρi (t) along the differential equitation (23) and
under the control law given in (10), we consider the following
Lyapunov function:

V2i (t) =
1
2

Miρi (t)2
+

1
2γi

(θ̂i (t) − θi )
⊤(θ̂i (t) − θi ). (24)

The time derivation of V2i (t) along (23), by considering Fi (t)
given in (10), yields

V̇2i (t) = ρi (t)
(
ϕi (t)⊤(θi − θ̂i (t)) − si (t)

− σ2iρi (t)
)

+
1
γi

(θ̂i (t) − θi )
⊤ ˙̂
θi (t). (25)

Therefore, if we consider the adaptation law (11), from (25),
we have

V̇2i (t) = −ρi (t)
(

si (t) + σ2iρi (t)
)
. (26)

Now, let us consider the following Lyapunov function:

Vi (t) = V1i (t) + V2i (t). (27)

By considering (21) and (26), one gets

V̇i (t) = −σ1i si (t)2
− σ2iρi (t)2.

Since V̇i (t) ≤ 0, from (16), (24), and (27), it follows that
si (t), ρi (t), and θ̂i (t) − θi are bounded which implies the
boundedness of θ̂i (t) as well. Therefore, by considering the
nonautonomous system described by (11), (15), and (23),
according to [36], one concludes that

lim
t→∞

si (t) ≡ 0,

that is, si (t) and ṡi (t) converge to zero. From (18) and (20),
one gets

ξ1i (t) = δi (t) + σ1i si (t)

vi (t) = ρi (t) + δi (t). (28)

Therefore, from (15) and (28), it follows that

ṡi (t) = ρi (t) − σ1i si (t). (29)

We have shown that si (t) and ρi (t) are bounded. Thus, from
(29), the boundedness of ṡi (t) can be concluded as well.

b) Step 2: From (15), it follows that

vi (t) = ṡi (t) + ξ1i (t), (30)

implying that there exists a constant ci such that

xi (t) = si (t) +

∫ t

0
ξ1i (τ )dτ + ci . (31)

Therefore, from (30) and (31), di (t) and ddes,i (t) defined in
(2) and (3) can be restated based on the auxiliary states as
follows:

di (t) = si−1(t) +

∫ t

0
ξ1,i−1(τ )dτ + ci−1 − L i − si (t)

−

∫ t

0
ξ1i (τ )dτ − ci

ddes,i (t) = ri + hi ṡi (t) + hiξ1i (t). (32)

In order to show the almost sure convergence of ei (t) to zero,
according to (4) and (32) and since si (t), si−1(t), and ṡi (t)
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converge to zero, it is sufficient to show that the following
modified error, denoted by εi (t), almost surely converges to
zero:

εi (t) = ri + hiξ1i (t) −

∫ t

0
ξ1,i−1(τ )dτ − ci−1 + L i

+

∫ t

0
ξ1i (τ )dτ + ci . (33)

Now, to show the almost sure convergence of εi (t) to zero,
we consider the following variable:

zi (t) = ε̇i (t) + kiεi (t). (34)

Since zi (t) is a Hurwitz polynomial of εi (t), if we show
that zi (t) is almost surely bounded and converges to zero;
then, we can conclude that εi (t) and ε̇i (t) almost surely
remain bounded and converge to zero (due to the input-to-
state stability of Hurwitz linear systems [37]). Let us define

4i (t) =
1
hi

(ξ2,i−1(t) + kiξ1,i−1(t)), i ∈ S. (35)

According to (8) and Assumption 1, 41(t) is bounded. Based
on the boundedness of 41(t), first we prove the theorem
for Vehicle 1. Accordingly, we will conclude that 42(t) is
bounded as well. Then, with the same procedure we can prove
the theorem for Vehicle 2, and respectively it will be proved
for all Vehicles i ∈ {3, . . . , N }. First we consider the case
when i = 1. In this condition, according to the boundedness
of 4i (t), first we define a positive constant χ∗

i where

sup
{

hi |4i (t)|
E{ai (t)}

}
< χ∗

i . (36)

Now, we consider a positive definite function of zi (t) and
χi (t) − χ∗

i as follows:

V̄i (t) =
1
2

zi (t)2
+

1
2λi

(χi (t) − χ∗

i )2. (37)

By considering (6) and (33), one observes that

ε̇i (t) = hiξ2i (t) − ξ1,i−1(t) + ξ1i (t)

ε̈i (t) = hi ξ̇2i (t) − ξ2,i−1(t) + ξ2i (t). (38)

From (6), we recall that

ξ̇2i (t) =
1
hi

(
− ξ2i (t) − ki (ξ1i (t) + hiξ2i (t))

− χi (t)ai (t)sgn(ζi (t))
)
. (39)

If we add and subtract the right-hand side of (39) by 4i (t),
from (38), it follows that

ε̈i (t) = −hi4i (t) − ki ε̇i (t) − χi (t)ai (t)sgn(ζi (t)). (40)

Then, according to the definition of zi (t), from (40) we have

żi (t) = −hi4i (t) − χi (t)ai (t)sgn(ζi (t)). (41)

Therefore, the time derivative of V̄i (t) along (13) and (41)
yields

˙̄Vi (t) = zi (t)
(

− hi4i (t) − χi (t)ai (t)sgn(ζi (t))
)

+ (χi (t) − χ∗

i )ai (t)|ζi (t)|. (42)

Let us consider a filtration Ft as follows:

Ft =
{
𭟋i (ϱ), i ∈ S ∪ {0}, 0 ≤ ϱ ≤ t

}
𭟋0(ϱ) = {x0(ϱ), v0(ϱ), ξ20(ϱ)}

𭟋i (ϱ) = {xi (ϱ), vi (ϱ), ξ1i (ϱ), ξ2i (ϱ), θ̂i (t), χi (t)}, i ∈ S.

Accordingly, from (42), it follows that

E{
˙̄Vi (t)|Ft }

= zi (t)
(

− hi4i (t) − χi (t)E{ai (t)}sgn(ζi (t))
)

+ (χi (t) − χ∗

i )E{ai (t)}|ζi (t)|, (43)

where E{ai (t)} is positive as pi (t) is nonzero. From (32) and
(33), we have

−di (t) + ddes,i (t) = εi (t) + si (t) − si−1(t) + hi ṡi (t). (44)

Now, from (38) and (44), (7) yields

ζi (t) = ε̇i (t) + kiεi (t)

+ ki (si (t) − si−1(t) + hi ṡi (t)),

which according to the definition of zi (t), can be restated as
follows:

ζi (t) = zi (t) + ki (si (t) − si−1(t) + hi ṡi (t)). (45)

Therefore, as si (t), si−1(t), and ṡi (t) are bounded and con-
verge to zero, for zi (t) ̸= 0, there exists a finite time t f i such
that for t ≥ t f i ,

sgn(ζi (t)) = sgn(zi (t)). (46)

By considering (45), it follows that

zi (t)sgn(ζi (t)) = ζi (t)sgn(ζi (t))

− ki (si (t) − si−1(t) + hi ṡi (t))sgn(ζi (t)),

which can be simplified as

zi (t)sgn(ζi (t)) = |ζi (t)| − ki (si (t) − si−1(t)

+ hi ṡi (t))sgn(ζi (t)). (47)

According to (47) and since si (t), si−1(t), and ṡi (t) are
bounded and converge to zero, zi (t)sgn(ζi (t)) − |ζi (t)| is
bounded and converges to zero. Based on the above-mentioned
issues, for t ≥ t f i , there exists an almost surely bounded
and vanishing variable ϵi (t) such that (43) can be simplified
as follows (note that (13) and (41) imply the almost sure
boundedness of χi (t)):

E{
˙̄Vi (t)|Ft }

= zi (t)
(

− hi4i (t) − χ∗

i E{ai (t)}sgn(zi (t))
)

+ ϵi (t), (48)

which implies that

E{
˙̄Vi (t)|Ft }

≤ −

(
χ∗

i E{ai (t)} − hi |4i (t)|
)
|zi (t)| + ϵi (t). (49)

By considering (36) and (49) and since E{ai (t)} > 0, there
exists a finite time t̄ f i ≥ t f i such that E{

˙̄Vi (t)|Ft } is negative
semidefinite for zi (t) ̸= 0, t ≥ t̄ f i . According to (6) and (13)
and the definition of zi (t), one observes that V̄i (t) remains
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bounded in the finite time t < t̄ f i . Now, since E{
˙̄Vi (t)|Ft }

is negative semidefinite for t ≥ t̄ f i , E{V̄i (t)} is bounded
for all time. Based on the above-mentioned issues and by
considering the filtration Ft , V̄i (t) satisfies the conditions of
super-martingales given in Section II-B for t ≥ t̄ f i . Therefore,
by invoking Theorem 1, there exists V̄i f ≥ 0 such that

lim
t→∞

V̄i (t)
a.s.
−→ V̄i f . (50)

From the boundedness of E{V̄i (t)}, it follows that the probabil-
ity of the unboundedness of V̄i (t) is zero. Thus, V̄i (t) is almost
surely bounded, which implies the almost sure boundedness
of zi (t) as well. In this condition, since E{V̄i (t)} is lower
bounded and E{

˙̄Vi (t)|Ft } is negative semidefinite, according
to [36] and (49), one concludes that zi (t) converges to zero
in the sense of probability (specifically, see the proof of
[36, Th. 2.11] with stochastic arguments). Note that according
to (13), χi (t) is nondecreasing. Hence, the almost sure bound-
edness of χi (t) implies the almost sure convergence of χi (t)
to a constant value. From (50) and since zi (t) converges to
zero in the sense of probability, one concludes that

lim
t→∞

zi (t)
a.s.
−→ 0.

In this condition, since zi (t) is a Hurwitz polynomial of εi (t),
one gets εi (t) and ε̇i (t) almost surely remain bounded and
converge to zero. Since εi (t) almost surely remains bounded
and converges to zero and si (t)− si−1(t)+ hi ṡi (t) is bounded
and converges to zero, by considering (4) and (44), we con-
clude that ei (t) almost surely remains bounded and converges
to zero. Now, we show that ξ1i (t) and ξ2i (t), vi (t), and di (t)
almost surely remain bounded. From (33), we have

ξ1i (t) =
1
hi

(
−

∫ t

0
ξ1i (τ )dτ +

∫ t

0
ξ1,i−1(τ )dτ + εi (t)

− ri + ci−1 − L i − ci
)
,

implying that

ξ̇1i (t) =
1
hi

(
− ξ1i (t) + ξ1,i−1(t) + ε̇i (t)

)
. (51)

By considering (8) and Assumption 1, one gets ξ10(t) is
bounded. Hence, as ε̇i (t), i ∈ S, almost surely remain
bounded, by considering (51), the almost sure boundedness
of ξ1i (t) and ξ̇1i (t) can be concluded (due to the input-to-
state stability of Hurwitz linear systems). Moreover, from
(6), the almost sure boundedness of ξ2i (t) can be concluded.
Now, by considering (30), (32), and (33), the almost sure
boundedness of vi (t) and di (t) is concluded as well. Based
on the all the above-mentioned issues, the proof is completed
for Vehicle 1. Now, by considering (35), we can conclude
that 42(t) is bounded as well. Based on the boundedness of
42(t), we consider the same function as (37) for i = 2, whose
derivative along (13) and (41) proves the theorem for Vehicle
2. Then in the same procedure, the theorem will be proved for
Vehicles i ∈ {3, . . . , N }, respectively.

According to the results of Theorem 2, by employing the
proposed control strategy, the intervehicle distances almost
surely converge to the desired values (3), while the leader
vehicle is moving with a desired speed. One complementary

analysis for the proposed control strategy is to investigate
the response of the platoon to a perturbed leader. One of
criteria to investigate such behavior is the Lp string stability
property of the platoon. The basis for the Lp string stability
is the Lp-boundedness of the vehicles states with respect to
the disturbance/input of the leader [38]. In this condition,
by considering the platoon states ei (t) and ėi (t), i ∈ S, let
us define

y(t) =
[
e1(t) e2(t) . . . eN (t) ė1(t) ė2(t) . . . ėN (t)

]⊤
.

According to [38] and the stochastic behavior of the vehicular
platoon addressed in this paper, the vehicular platoon (1) is
defined to be almost surely Lp string stable if there exist
class K functions α1(·) and α2(·) such that for any initial state
y(0) ∈ R2N ,∥∥y(t)

∥∥
Lp

≤ α1
(
∥u0(t)∥Lp

)
+ α2

(
∥y(0)∥

)
, a.s., (52)

where u0(t) ∈ R is the Lp-bounded inputs/disturbances of the
leader including F0(t) and the effect of gravity. By considering
p = ∞, the string stability of the platoon under the proposed
CACC strategy is analyzed in the following theorem.

Theorem 3: Consider the vehicular platoon given in (1)
under the control law given in (6)-(13). If pi (t) ̸= 0, i ∈ S,

then the platoon is stochastic L∞ string stable, that is, there
exist class K functions α1(·) and α2(·) such that for any initial
state y(0) ∈ R2N , (52) is satisfied.

Proof: According to the proof of Theorem 2 presented in
two steps, the proposed control strategy has two parts just one
of which is influenced by interconnection among the vehicles.
Indeed, independent to interconnection among the vehicles,
si (t) and ṡi (t), i ∈ S, remain bounded and converge to zero,
whether the intervehicle distances are regulated or not. Hence,
let us consider the second step when si (t) ≡ 0. Since each
vehicle just follows its preceding vehicle, we show the string
stability by analysis of the interaction among Vehicles i and
i −1 first when i = 1. Then, with the similar analysis for cases
when i ∈ {2, . . . , N }, the string stability of all the platoon can
be concluded. It should be mentioned that an aerodynamic
drag depends on the forward speed of a vehicle. Therefore, the
drag force 1

2 Ciηi Aivi (t)2 cannot be larger than the supremum
of the resultant of other forces/inputs. Hence, by considering
(1), for i = 0 we have

1
2

C0η0 A0v0(t)2
≤ ∥u0∥L∞

,

where according to the definition of the L∞ norm it implies
that ∥∥∥∥1

2
C0η0 A0v0(t)2

∥∥∥∥
L∞

≤ ∥u0∥L∞
. (53)

Therefore, from (53) one concludes that

∥v0(t)∥L∞
≤

∥∥∥∥ 2u0(t)
C0η0 A0

∥∥∥∥ 1
2

L∞

. (54)

Moreover, from (1) it follows that (note that for two variables
v1(t) and v2(t), we have ∥v1(t) + v2(t)∥L∞

≤ ∥v1(t)∥L∞
+
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∥v2(t)∥L∞
)

∥v̇0(t)∥L∞
≤

1
M0

(
∥u0(t)∥L∞

+

∥∥∥∥1
2

C0η0 A0v0(t)2
∥∥∥∥
L∞

)
.

(55)

Now, by considering (53) and (55), one gets

∥v̇0(t)∥L∞
≤

2
M0

∥u0(t)∥L∞
. (56)

From (35), (54), and (56), it follows that

∥∥4i (t)
∥∥
L∞

≤
1
hi

(
2

M0
∥u0(t)∥L∞

+ ki

∥∥∥∥ 2u0(t)
C0η0 A0

∥∥∥∥ 1
2

L∞

)
.

(57)

According to (6) and (13), żi (t) is bounded for bounded zi (t),
and hence for nonzero zi (t), there exists a finite time t ′f i ≥ t f i
such that χi (t) ≥ χ∗

i , t ≥ t ′f i . In this condition, from (41) and
(46), it follows that for t ≥ t ′f i ,

zi (t)żi (t) ≤ −hi4i (t)zi (t) − χ∗

i E{ai (t)}|zi (t)|. (58)

Since E{ai (t)} > 0, from (36) and (58) one gets

∥zi (t)∥L∞
≤ hi t ′f i

∥∥4i (t)
∥∥
L∞

, a.s. (59)

According to the definition of zi (t) in (34), we have

ei (t) = e−ki t ei (0) +

∫ t

0
e−ki (t−τ)zi (τ )dτ

implying that

∥ei (t)∥L∞
≤ e−ki t∥ei (0)∥ +

1
ki

∥zi (t)∥L∞
. (60)

Now, by considering (59) and (60), one concludes that

∥ei (t)
∥∥
L∞

≤ e−ki t
∥ei (0)∥ +

1
ki

hi t ′f i
∥∥4i (t)

∥∥
L∞

, a.s. (61)

Moreover, by considering (34), (59), and (60), one observes
that

∥ėi (t)
∥∥
L∞

≤ ki e−ki t
∥ei (0)∥ + 2hi t ′f i

∥∥4i (t)
∥∥
L∞

, a.s. (62)

Therefore, from (61) and (62) and by considering (57), there
exist class K functions α1i (·) and α2i (·) such that∥∥[ei (t) ėi (t)]

∥∥
L∞

≤ α1i
(
∥u0(t)∥L∞

)
+ α2i

(
∥y(0)∥

)
, a.s.

Hence, by obtaining similar inequalities for Vehicles 2, . . . , N ,
(52) can be concluded.

Remark 2: A nonzero pi (t) is the sufficient condition on
the proposed control strategy to guarantee the almost sure
convergence of the spacing errors to zero and the string
stability of the platoon, because if pi (t) > 0, the robustifying
term zi (t)sgn(zi (t)) appears with negative gain in (48). Based
on the same argument, the obtained results are also extendable
to platoons of vehicles subject to stochastic delays in receiving
communication and radar data if the probability of such delays
is less than pi (t). Let p̄i (t) be the unknown probability that
Vehicle i, i ∈ S, receives information with delays where

pi (t) > p̄i (t). By considering the worst-case scenario when
the delays always reverse the sign of zi (t), (48) becomes

E{
˙̄Vi (t)|Ft } ≤ zi (t)

(
− hi4i (t)

− χ∗

i (pi (t) − p̄i (t))sgn(zi (t))
)

+ ϵi (t). (63)

Hence, for the unknown communication delay Ti (t) ∈ R≥0,
if in the Lyapunov function (37) we select χ∗

i as

sup

{
hi
∣∣4i (t − Ti (t))

∣∣
pi (t) − p̄i (t)

}
< χ∗

i ,

since pi (t) − p̄i (t) > 0, (63) implies that E{
˙̄Vi (t)|Ft } is

negative semidefinite for t̄ f i ≥ t f i (note that pi (t), p̄i (t),
and Ti (t) are unknown and just used in defining χ∗

i , not in
the design). Then, in a procedure similar to that in the proof
of Theorem 2, the almost sure convergence of the spacing
errors to zero, and in a procedure similar to that in the proof
of Theorem 3, the L∞ string stability of the platoon can be
concluded.

According to Remark 2, the main difference between the
current study and the existing results in the literature devoted
to CACC in the presence of communication delays [23], [24],
[25], [26] is that in addition to guaranteeing local stability
and string stability of the platoon, the effect of time-delays
is rejected, and for any communication delay (with unknown
bounds), the spacing errors almost surely converge to zero.
This achievement is the consequence of using the nonlinear
robustifying term χi (t)ai (t)sgn(ζi (t)) in the controller with
the adaptive gain χi (t). Moreover, in the existing results in the
literature just delays in communication network are considered
and the vehicles radars are assumed to be free of delays in
receiving data. However, according to Remark 2, in the current
study, time-delays in both communication network and the
vehicles radars are considered.

Another important concern in control of vehicular platoons
is collision avoidance, which is more serious in the presence
of data loss. Any control strategy for autonomous collision
avoidance relies on timely detection of the possibility of
a collision. If due to any data loss, the distance from the
preceding vehicle is not measurable over a long time period,
autonomous collision avoidance may not be possible. For
emergency actions in such scenarios, it is needed for the
driver to take control or partial control of the vehicle. In the
current study, if pi (t) is not zero, the probability of such
scenarios is zero. Hence, the proposed control strategy can
be extended to help collision avoidance among the vehicles.
Using repulsive/braking functions is a common idea to avoid
collision [39], [40], [41]. According to this idea, if a vehicle
approaches a predetermined safety distance dsi (t) < ddes,i (t)
from a preceding vehicle, the vehicle input force will be
increased in the opposite direction of motion such that at
the distance dsi (t), the repulsive function will be increased
sharply. Based on this idea, let dai (t), where dsi (t) < dai (t) <

ddes,i (t), be a distance from the preceding vehicle where the
repulsive force will be active. Hence, in order to address the
collision avoidance issue, the auxiliary state ξ2i (t) described
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in (6) can be modified as

ξ̇2i (t) =
1
hi

(
− ξ2i (t) − ki (ξ1i (t) + hiξ2i (t))

− (χi (t) + fri (t))ai (t)sgn(ζi (t))
)
, (64)

where fri (t) is an additional term which represents the repul-
sive forces designed as follows:

fri (t)

=

 0 di (q) > dai (t)

kri

( 1
di (q)

−
1

dai (t)

) 1
(di (q) − dsi (t))2 di (q) ≤ dai (t),

where kri is a positive constant and q is the last time where
di (·) has been available (q = t if there is no data loss).
In the design of fri (t), the term 1/di (q) − 1/dai (t) is zero if
di (q) = dai (t), and will be increased when di (q) approaches
the distance dsi (t). On the other hand, the term 1/(di (q) −

dsi (t))2 will be increased sharply if di (q) approaches the
distance dsi (t). Hence, χi (t) + fri (t) is increased, and thus
according to the proof of Theorem 2, the distance among
the vehicles will be led toward ddes,i (t). More specifically,
by considering (41), larger χi (t) + fri (t) increases the rate
of almost sure convergence of zi (t) and εi (t) toward zero
such that the spacing error will be led to zero (the rate of the
convergence of εi (t) to zero depends on ki as well). Note that
the performance of the adaptive control strategy of Theorem 2
to regulate si (t) and ṡi (t) is independent to χi (t), and before
any collision scenario, si (t) and ṡi (t) should be small enough.
Moreover, the accuracy of the results in Theorem 2 just relied
on a large enough χi (t), and by adding the positive term fri (t)
to χi (t) as (64), the accuracy of the analysis provided in the
proof of the theorem will not be affected.

Remark 3: The base of describing the dynamics of the
vehicles by second-order models as (1) is assuming that the
dynamics of the actuators are fast enough [1], [3], [33]. If such
assumption on the actuators is not applicable, the dynamics of
the actuators can be described as follows [2], [42]:

Ḟi (t) =
1
τi

(F∗

i (t) − Fi (t)),

where τi ∈ R>0 is the actuators time constant and F∗

i (t) is a
desired input force. Accordingly, the total dynamical equations
describing the vehicles are of order three. Now, since the
vehicles dynamical equations still are in back-stepping form,
it is possible to extend the obtained results in Theorem 2 to
platoons of vehicles with third-order model as well, by adding
another step to the design procedure. Indeed, the main step
in the back-stepping control design is the first step, and the
other steps are on deriving the control input to achieve the
objective of the first step. Hence, to extend the obtained
results in Theorem 2 to platoons of vehicles with third-order
model, the surface si (t) defined in (6) can be modified as
follows:

ṡi (t) = vi (t) − ξ1i (t), i ∈ S
ξ̇1i (t) = ξ2i (t)

ξ̇2i (t) = ξ3i (t)

Fig. 2. Desired speed of the leader.

ξ̇3i (t) =
1
hi

(
− ξ3i (t) − k1i (ξ2i (t) + hiξ3i (t))

− k2i (ξ1i (t) + hiξ2i (t)) − χi (t)ai (t)sgn(ζi (t))
)
,

where

ζi (t) = ξ2i (t) − ξ2,i−1(t) + hiξ3i (t) + k1i (ξ1i (t) − ξ1,i−1(t)

+ hiξ2i (t)) + k2i (−di (t) + ddes,i (t)),

where k1i , k2i ∈ R>0. Then, by following a procedure similar
to the proof of Theorem 2, it is possible to derive F∗

i (t) such
that the objective (5) is achieved. In this condition, compared
with the proof of Theorem 2, another step is needed such that
by designing F∗

i (t), the error Fi (t) − βi (t) converges to zero,
where βi (t) is a virtual control law as (10).

V. SIMULATION RESULTS

We consider a platoon of five heterogeneous vehicles
consisting of a leader and four followers whose the model
parameters (unknown) are given in Table I. We suppose that
the desired speed reference of the leader is as depicted in
Fig. 2, implying abrupt change in the speed and acceleration
of the leader. Such abrupt change in the speed of the leader
also leads to abrupt change in the speeds and accelerations
of the followers. Moreover, since a time-gap spacing policy
is considered, the desired distances among the vehicles
and the spacing errors change as well when the speeds
of the followers change. The road slope is assumed to be
zero, and the initial states of the followers are described
by (d1(0), v1(0)) = (19m, 20.5m/s), (d2(0), v2(0)) =

(4.5m, 19m/s), (d3(0), v3(0)) = (4m, 18.5m/s), and
(d4(0), v4(0)) = (6.5m, 15m/s). The objective is to employ
the CACC law of Theorem 2 such that each follower keeps the
desired distance (3) from the preceding vehicle. Accordingly,
we set ri = 2m and hi = 0.2s, i ∈ S. It should be noted
that according to Theorem 2, all the control gains just have
to be positive. Therefore, the control gains are set arbitrarily
to ki = 1, λi = 10, σ1i = 1000, σ2i = 1, and γi = 1, i ∈ S.
Indeed, most of the control parameters are set to 1, and just
σ1i and λi are selected to large values. A large σ1i leads to
faster convergence of the surface si (t) to zero and a large
λi leads to faster convergence of the robustifying gain χi (t).
Accordingly, the convergence of spacing errors to zero will
be faster.
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TABLE I
MODEL PARAMETERS OF THE FOLLOWER VEHICLES

Fig. 3. Spacing errors and intervehicle distances in Scenario 1.

We present two simulation scenarios. In the first scenario,
we investigate the accuracy of the proposed control strategy
in the presence of data loss and delays, and in the second
one, we specifically focus on the performance of the proposed
CACC strategy in dealing with unknown and large communi-
cation and radar delays.

Scenario 1: Without loss of generality and for simplicity,
the probability of the data loss in a communication link
is supposed to be independent to that in a radar. Hence,
by considering the probability of the data loss for all the
communication links as 0.2 + 0.1 sin(t) and the probability
of the data loss for all the radars as 0.1, we have pi (t) =

(1−0.2−0.1 sin(t))(1−0.1) = 0.72−0.09 sin(t). We assumed
that the vehicles exchange information with stochastic delays
with bound of 50ms where p̄i (t) = 0.1 (we have used a
uniform random number to model such delays). Moreover, for
simulation purpose, the actuators time constant is 0.1s.

Under these conditions, the spacing errors and the interve-
hicle distances are depicted in Fig. 3 and the speeds of the
followers are depicted in Fig. 4. According to Fig. 3, after
about 7s, the spacing errors converge to zero, and the platoon
reaches a steady state determined by the constant time-gap
spacing policy. In this steady state, as shown in Fig. 4, the
followers reached the speed of the leader which is 20m/s. At
t = 10s, the speed of the leader abruptly increases to 25m/s,

Fig. 4. Speeds of the follower vehicles in Scenario 1.

Fig. 5. Adaptive robustifying gains in in Scenario 1 where χi (0), i ∈ S, are
set to 30.

Fig. 6. Control efforts of the follower vehicles in Scenario 1.

and since the desired distances among the vehicles depend
on their speeds, the platoon converges to another steady state
with speed of 25m/s. There is another change in the speed
of the leader at t = 20s, where the speed of the leader
abruptly decreases to 16m/s that results in another steady
state with speed of 16m/s. The abrupt change in the speed
of the leader lead to acceleration disturbances affecting the
platoon. As shown in Fig. 3 and Fig. 4, in this situation,
while the platoon remains L∞ string stable, the effect of such
disturbance, that leads to fluctuations in the spacing errors
and the states of the follower vehicles, is not amplified and
is attenuated along the string of vehicles. In Fig. 5, it is
shown that the adaptive robustifying gains χi (t), i ∈ S, remain
bounded. Moreover, the control efforts of the follower vehicles
are depicted in Fig. 6.

Scenario 2: Knowledge of the range of communication
delays is the basis for the existing results in the literature
dealing with robustness of vehicular platoons against com-
munication delays [23], [24], [25]. For instance, one of the
existing techniques is using Smith Predictor in the closed-loop
control system [23]. The base of Smith Predictor is using the
information of the range of time-delays in the control system
(for instance, see Figure 2 in [23]). Therefore, for a designed
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Fig. 7. Communication delay regarding Vehicle 1 in Scenario 2.

Fig. 8. Spacing errors and intervehicle distances in Scenario 2 by increasing
the time-delays.

Smith Predictor, if in practice time-delays become larger than
the considered range, the assumptions of the analysis are not
satisfied (the controller still can have a good performance, but
there is no guarantee for that). Instead, unlike [23], [24], and
[25], in our methodology, as far as the condition of Remark 2
is satisfied, the stability and string stability of the platoon is
mathematically guaranteed without assuming the knowledge of
the bound on the delays. To show this aspect of the proposed
CACC strategy, we repeat the previous scenario and we just
increase the time delays bound to 5s (which is a very large
time-delay). For instance, the time-delay regarding receiving
communication data by Vehicle 1 is depicted in Fig. 7. In this
situation, the spacing errors and the intervehicle distances are
depicted in Fig. 8 and the speeds of the followers are depicted
in Fig. 9, which are very similar to those in Scenario 1
implying the high robustness of the proposed strategy to
increasing the time-delays. From Fig. 8 one observes that the
intervehicle distances track desired values determined by the
speed of the leader which is changing over time, and from
Fig. 9, one observes that the vehicles speeds track the time-
varying speed of the leader. As shown in Fig. 8 and Fig. 9,
whereas the time-delays are increased and are relatively large,

Fig. 9. Follower vehicles speeds in Scenario 2 by increasing the time-delays.

Fig. 10. Adaptive robustifying gains in Scenario 2 by increasing the
time-delays where χi (0), i ∈ S, are set to 30.

Fig. 11. Control efforts of the follower vehicles in Scenario 2 by increasing
the time-delays.

the platoon is still L∞ string stable. Moreover, according to the
figures, the disturbing effect of the leader during its maneuver
is not amplified along the string of vehicles. More specifically,
when the leader speed abruptly changes at t = 10s and
t = 20s, fluctuations in the states of the follower vehicles due
the acceleration disturbance of the leader are being attenuated
along the string of vehicles. Finally, in Fig. 10, the convergence
of the adaptive robustifying gains χi (t), i ∈ S, to bounded
values is demonstrated, and in Fig. 11, the control efforts of
the follower vehicles are depicted.

VI. CONCLUSION AND FUTURE WORK

Developing a control strategy to guarantee the robustness of
a vehicular platoon against both communication and radar data
loss was the main contribution of this paper. We proposed an
adaptive control scheme such that in the presence of communi-
cation network and radars data loss, some surfaces of vehicles
states converged to zero. Simultaneously on the designed sur-
faces, by compensating possible erroneous signals, almost sure
regulation of the intervehicle distances in desired values was
guaranteed. Moreover, the surfaces and the adaptive control
laws were designed in a way that the chattering phenomenon
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(due to robust properties of the controllers) is avoided in the
vehicles control inputs. This study was a primary step in
considering radars data loss in control of vehicular platoons.
Extension of the obtained results to platoons of vehicles
in the presence of disturbances and stochastic noise and in
the presence of cyber-attacks are challenging problems to be
studied as future work.
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