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Abstract—In a platoon control system, a fixed and sym-
metrical topology is quite rare because of adverse commu-
nication environments and continuously moving vehicles.
This paper presents a distributed adaptive sliding mode
control scheme for more realistic vehicular platooning. In
this scheme, adaptive mechanism is adopted to handle pla-
toon parametric uncertainties, while a structural decompo-
sition method deals with the coupling of interaction topol-
ogy. A numerical algorithm based on linear matrix inequality
is developed to place the poles of the sliding motion dynam-
ics in the required area to balance quickness and smooth-
ness. The proposed scheme allows the nodes to interact
with each other via different types of topologies, e.g., ei-
ther asymmetrical or symmetrical, either fixed or switching.
Different from existing techniques, it does not require the
exact values of each entity in the topological matrix, and
only needs to know the bounds of its eigenvalues. The ef-
fectiveness of this proposed methodology is validated by
bench tests under several conditions.

Index Terms—Automatic driving, linear matrix inequality
(LMI), platoon control, sliding mode control (SMC), struc-
tural decomposition.

I. INTRODUCTION

THE platooning of connected and automated vehicles
(CAVs) can significantly improve traffic efficiency, en-

hance driving safety, and reduce fuel consumption, which has
attracted extensive interests. Recently some demos have already
been performed in the real world, including PATH in the United
States, Energy ITS in Japan, and SARTRE in Europe [1]. Mean-
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while, many issues about platooning have been studied, such as
powertrain dynamics modeling [2], [3], selection of spacing
policies [4], homogeneity and heterogeneity in node dynamics
[5], and string stability [6]. Advanced control methods, e.g.,
optimal control [7], sliding mode control [8], predictive control
[9], and robust control [10], have been applied to achieve better
performances.

The earlier studies on platoon control mainly consider the
radar-based sensing configuration, whose topologies are simple
and quite limited. Due to the rapid development of wireless
communication techniques, such as IEEE 802.11p-based
dedicated short-range communication (DSRC), communication
between vehicles is becoming gradually accessible to CAVs
[11]. Based on reliable communication systems, an enhanced
adaptive cruise control (ACC) system called cooperative
ACC was designed and demonstrated in [12]. To improve its
performances and practicability, Gao and Jiang (2017) dynamic
programming approach to realize suboptimal control of CAVs
in the presence of model uncertainties [13]. Harfouch et al.
[14] further designed a scheduling strategy of two controllers
for cooperative and traditional ACCs respectively based on
the dwell-time stability theory of switching system to ensure
the stability of cooperative vehicles connected by unreliable
communication. In addition to the above communication ap-
plications for CAVs formation, the information of neighboring
vehicles was also used in the power management of electric
powertrains for better fuel economic performance [15].

Moreover, the application of communication also generates
a variety of new topologies, such as leader-predecessor follow-
ing type, double-predecessor following type, and bidirectional
leader type [16]. The information exchange topology among
CAVs plays an important role in reshaping the closed-loop dy-
namics of platoons. It captures directionality and connectivity
of information flow among vehicles, and is directly related to
such performances as string stability, stability margin, and co-
herence behavior. Compared with the radar-based topologies,
new challenges naturally arise due to the topological variety and
communication issues, including packet dropout, quantization
error, and channel delay. Therefore, it is preferable to consider a
platoon as a network of dynamical systems, rather than a single
one, for the purpose of employing multiagent control schemes
to analyze and design the platoon. For example, to optimal con-
trol such connected dynamical systems, Stankovic et al. [17]
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decomposed multi-CAVs by state expansion. An overlapping
control law was obtained by applying the linear quadratic op-
timization method. Wang et al. [18] proposed a linear matrix
inequality (LMI) method to design a distributed controller when
nodes have uncertainties. For some special interaction topolo-
gies, such as predecessor following and bidirectional types, a
distributed adaptive sliding mode control (SMC) strategy was
designed to attenuate uncertain driving resistances [19], and
string stability was further ensured in [20] and [21]. To consider
the influence of communication, Gao et al. [22] designed a local
string-stable H∞ controller for a heterogeneous platoon, which
can simultaneously consider vehicle model uncertainties and
identical communication delays. Wang et al. [23] studied the
influence of random changing network structure on platoon dy-
namics by using a weighted and constrained seeking framework.
Bernardo et al. [24] proposed a distributed strategy to deal with
the time varying communication delays. Furthermore, for het-
erogeneous and varying communication delays, Chehardoli and
Homaeinezhad [25] presented two synthesis methods based on
the common Lyapunov approach, which can ensure the global
asymptotic stability of platoons.

All the aforementioned studies assume that the interaction
topology or the node dynamics are previously known and will
not be disturbed by environments. Recently some researchers
devote to extend the existing achievements to more general con-
ditions. In particular, when the nodes are interacted by a fixed
and symmetrical information flow called “undirected topology,”
the networked system can be decomposed into multiple low-
dimensional subsystems, whose open-loop gains are real num-
bers and depend on the eigenvalues of the topological matrix.
This viewpoint has led to a four-component framework of a
platoon control system [26]. Based on this, Zheng et al. [16] in-
troduced two fundamental methods to improve the stability mar-
gin via topological selection and control adjustment. In practice,
node dynamics may be affected by many factors, such as vehicle
type, environmental resistance, and working conditions. To deal
with such uncertainties, Gao et al. [27] presented a decoupled
robust control method for heterogeneous platoons interacted by
undirected topologies and this decoupling synthesis method has
been extended to general, but eigenvalue decomposition known
topologies in [28]. In practice, a fixed and symmetrical topology
is rather scarce because: 1) the quality of communication links,
such as packet loss, broken link, channel delay, can be signifi-
cantly degraded by adverse environments; 2) the structure and
dimension of interaction topology is spatial-temporally varying,
due to cut-ins/offs of vehicles from adjacent lanes.

To combat the uncertainty in interaction topologies and pa-
rameters of nonlinear vehicle longitudinal dynamics, this paper
presents a distributed adaptive SMC (DASMC) for platooning.
Instead of the switching part of a traditional SMC, an adap-
tive law is proposed to eliminate the parametric uncertainties,
based on distributed sliding surfaces. To deal with the coupling
of sliding motion arising from information interactions among
vehicles, a structural decomposed method by harnessing a nu-
merical method based on the LMI scheme is provided to place
the poles of sliding motion dynamics. The proposed scenario al-
lows the CAVs to interact with each other via different types of

eigenvalue-bounded topologies. The entry values of topological
matrix are unnecessary, and we only need to know the bounds of
its eigenvalues. The designed controllers can still ensure that the
poles of sliding motion dynamics lie inside a predefined region,
in order to sufficiently balance quickness and smoothness.

The rest of paper is organized as follows. Section II describes
the studied vehicular platoon. Section III introduces the synthe-
sis process of the DASMC strategy. Section IV demonstrates
the effectiveness by bench tests. Section V concludes the paper.

II. PROBLEM DESCRIPTION

The studied platoon has one leading vehicle (noted as leader,
indexed by 0) and N following vehicles (noted as followers, in-
dexed by i accordingly). The constant distance policy is used to
govern the formation for high traffic capacity [4]. The dynamics
of each vehicle is partially known and disturbed by environ-
mental resistances. The vehicles in the platoon interact with
each other by any possible sensing technology, such as radar
and wireless communication. Different from the existing con-
trol strategies using only the information of some fixed vehicles,
the proposed new strategy controls each follower with all col-
lected information of other vehicles, such as position, speed, and
intuitively a better performance may be achieved. The control
objective is that all followers track the leader speed with the
desired distance

pi (t) − pi−1 (t) = d0 , vi (t) = v0 (t) , i = 1, . . . , N (1)

where pi(t) and vi(t) are the position and velocity of vehicle i
respectively, and d0 is the desired distance between two neigh-
boring vehicles. Here, vehicles are considered as mass points
without size. In other research, if we consider the vehicle dimen-
sion, the vehicle’s length should be subtracted from the distance
control error.

A. Vehicle Dynamical Model

To obtain a concise vehicle dynamical model for control,
some reasonable assumptions are made as follows:

1) the tire slip is negligible, and the dynamics of drivetrain
is lumped into a first order system;

2) the body is considered to be rigid and symmetric;
3) the influence of pitch and yaw motions is neglected. With

these assumptions, the longitudinal dynamics of follower
i is simplified, but still nonlinear, as [3]

ṗi (t) = vi (t)

v̇i (t) = ai (t) = [Fd,i (t) − Fr,i (t)]/Mi

Fr,i (t) = φi [vi (t) + vw ]2 + Mig [ficos (ρ) + sin (ρ)]

Ḟd,i (t) = [ui (t) − Fd,i (t)]/τi (2)

where ai(t) is the acceleration, Fd,i(t) and Fr,i(t) are the
actual driving/braking and resistance force acting on vehicles,
Mi is the vehicle mass, φi is the aero-dynamic drag coefficient,
g is the acceleration due to gravity, fi is the coefficient of rolling
resistance, vw is the wind speed, ρ is the road slope, τi is the
time constant of drivetrain dynamics, and ui(t) is the control
input, which is achieved by on-board actuators.
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B. Interaction Topology

The algebraic graph is used to generalize a unified model
for various interaction topologies [16]. The information flow
among vehicles is described by G = L + P , where L is the
Laplacian matrix and P is the pinning matrix. The Laplacian
matrix describes the directional connections among followers,
defined as

L = [lik ] ∈ RN×N , lii = −
N∑

k=1,k �=i

lik , i = 1, . . . , N. (3)

If follower i knows the information of k, lik = −1; otherwise,
lik = 0. The pinning matrix represents the connections between
the leader and followers

P = diag (g1 , . . . , gN ) ∈ RN×N (4)

where gi = 1, if follower i is connected with the leader; other-
wise, gi = 0. If the vehicle k ∈ {0, . . . , N} is connected with
i, it is said to be a neighbor of i. All its neighbors constitute a
set Ni

Ni =

{
{k|lik = −1} , if gi = 0
{k|lik = −1} ∪ {0} , if gi �= 0

(5)

Remark 1: To ensure platooning, all followers are either di-
rectly pinned to the leader, or have a hidden path to the leader.
This means that G is nonsingular and all its eigenvalues are
nonzero [16].

Remark 2: In practice, G is always uncertain, because: 1) the
quality of communication links can be significantly degraded by
adverse environment; 2) the structure and dimension of G are
temporally varying, due to cut-ins/offs of vehicle from adjacent
lanes.

III. PLATOON CONTROL SYSTEM SYNTHESIS

There are many modern methods can be used to synthesize
the platoon control system if the interaction topology is known
and fixed during running, e.g., [5]–[10] and [22]. But, because of
the degradation of wireless communication, both the dimension
and the structure of G are uncertain in practical. For a homoge-
neous platoon in which vehicles are coupled by a symmetrical
graph without model uncertainties, Zheng et al. [16] studied its
asymptotic stability in relationship to the eigenvalues of G. Fur-
thermore, with a lower-level controller to compensate for the
nonlinearities, Gao et al. designed a distributed state feedback
controller (DSFC) ensuring the H∞ performance of heteroge-
neous platoons, whose topology is uncertain but its eigenvalues
are known [27], [28]. Considering the advantages of SMC, a
DASMC is proposed to deal with the uncertainties in node dy-
namics and general interaction topologies based on nonlinear
vehicle model directly, simultaneously ensuring required robust
performance.

A. Distributed Adaptive Sliding Mode Controller

Because of the limitations of on-board sensing technologies,
each vehicle only knows the information of its neighbors in gen-
eral, which leads the vehicular platoon to a distributed control

system. To make full use of collected information of other ve-
hicles, the following distributed sliding surface is designed for
each follower

si (t) = ai (t) + K
∑

k∈Ni

[
pi (t) − pk (t) − (i − k) d0

vi (t) − vk (t)

]
(6)

where K ∈ R2 is the design parameter of sliding motion. It
should be noted that si(t) is “distributed,” because only local
information is used. Considering both the speed and smooth-
ness of convergence, the exponential reaching law is selected to
design the sliding mode controller [30]

ṡi (t) = −γsi (t) (7)

where γ > 0 ∈ R determines the exponential convergence
speed of si(t). A faster convergence speed can be achieved
if a bigger γ is selected.

For SMC strategy, one way to attenuate the model uncer-
tainties and external disturbances is combing a switching part
with the equivalent control [29], [30]. The switching control
input may lead to unacceptable ride comfort and quickly aging
of actuators. Instead of the switching control part of SMC, an
adaptive law is used to compensate for the modelling errors to
avoid the jerks caused by switching. Based on (2), (6), and (7),
the designed DASMC is

ui (t) =
ai (t)

θ̂1,i

− γτisi (t)

θ̂1,i

+
τi θ̂

T
2,iwi (t)

θ̂1,i

− τiK

θ̂1,i

∑

j∈Ni

[
vi (t) − vj (t)

ai (t) − aj (t)

]
(8)

where

wi (t) =

⎡

⎢⎣
v2

i (t) + 2τivi(t)ai(t)

vi(t) + τiai(t)
1

⎤

⎥⎦ .

The parameters θ̂1,i ∈ R and θ̂2,i ∈ R3 are estimated by the
following adaptive algorithm

˙̂
θ1,i = − ai (t) si (t)

q1 θ̂1,iτi

− si (t)

q1 θ̂1,i

θ̂T
2,iwi (t)

+
si (t)

q1 θ̂1,i

K
∑

j∈Ni

[
vi (t) − vj (t)
ai (t) − aj (t)

]

˙̂
θ2,i = − si (t) Q−1

2 wi (t) (9)

where q1 > 0 ∈ R and Q2 = diag(q2 , q3 , q4) > 0 ∈ R3×3 are
designed in accordance to the requirement of adaptive speed. For
this DASMC described by (8) and (9), the following theorem
ensures the convergence of the distributed sliding surfaces.

Theorem 1: If a platoon, which is composed of vehicles de-
scribed by (2) and interacted by G, is controlled by the DASMC
described by (8) and (9), then the distributed sliding surfaces,
si(t), converge to zero asymptotically.
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Proof: To analyze the behavior of si(t), the vehicle longitu-
dinal dynamics (2) is rewritten to a parameterization form

ȧi (t) = −ai (t)/τi + θ1,iui (t)/τi − θT
2,iwi (t) (10)

where θ1,i = 1/Mi and

θ2,i =

⎡

⎢⎢⎣

φi/(τiMi)

2φivw /(τiMi)
{
Mig [ficos (ρ) + sin (ρ)] + φiv

2
w

}
/(τiMi)

⎤

⎥⎥⎦ .

The following Lyapunov function Vi(t) is defined for si(t),
to prove its asymptotical convergence

Vi (t) = 0.5s2
i (t) + 0.5q1

(
θ̂1,i − θ1,i

)2

+ 0.5
(
θ̂2,i − θ2,i

)T

Q2

(
θ̂2,i − θ2,i

)
. (11)

Its time derivation is

V̇i (t) = si (t) ṡi (t) + q1

(
θ1,i − θ̂1,i

) ˙̂
θ1,i

+
(
θ2,i − θ̂2,i

)T

Q2
˙̂
θ2,i . (12)

Substituting (8) and (10) into the time derivation of (6)
yields

ṡi (t) = − θ1,iγ

θ̂1,i

si (t) +
1
τi

(
θ1,i

θ̂1,i

− 1

)
ai (t)

+
(
θ̂T

2,i − θT
2,i

)
wi (t)

+

(
θ1,i

θ̂1,i

− 1

)
θ̂T

2,iwi (t)

−
(

θ1,i

θ̂1,i

− 1

)
K
∑

j∈Ni

[
vi (t) − vj (t)
ai (t) − aj (t)

]
. (13)

Then, V̇i(t) is obtained by substituting (9) and (13) into (12)

V̇i (t) = −θ1,i

θ̂1,i

γs2
i (t) . (14)

Since the vehicle mass Mi is positive, θ1,i/θ̂1,i = M̂i/Mi > 0
leading to V̇i(t) < 0, if si(t) �= 0. It can be concluded from
the Lyapunov stability theory that si(t) convergences to zero
asymptotically. �

B. Sliding Dynamics Decoupling

To analyze the platoon dynamics on the sliding surface, a new
error signal is defined considering the control objective of the
platoon

ET (t) =
[
eT

1 (t) · · · eT
N (t)

]

ei (t) =

[
pi (t) − p0 (t) − i · d0

vi (t) − v0 (t)

]
, i = 1, . . . , N. (15)

From (15), the dynamics of E(t) is

Ė (t) = (IN ⊗ A) E (t) + (IN ⊗ B) γ (t) (16)

where “⊗” denotes the Kronecker product, IN ∈ RN×N de-
notes the N -dimensional unit matrix, A = [0 1

0 0 ], B = [0
1 ] and

Υ(t) =

⎡

⎢⎢⎣

a1(t) − a0(t)
...

aN (t) − a0(t)

⎤

⎥⎥⎦ .

After the platoon dynamics reach the sliding surface, combining
si (t) = 0 with (6) and (16) yields

γ (t) + (G ⊗ K) E (t) = −1N a0 (t) (17)

where 1N ∈ RN denotes the vector, whose entries are all one.
Substituting (17) into (16) yields the sliding dynamics of the
platoon system

Ė (t) = [IN ⊗ A − G ⊗ (BK)] E (t) − (IN ⊗ B)1N a0 (t).
(18)

Note that both the structure and dimension of G are uncer-
tain, which poses great challenges for synthesis. To overcome
this problem, a structural decomposition of (18) is motivated
by the fact that if G is diagonal, the followers are dynamically
decoupled with each other. For an arbitrary G, its eigenvalue
decomposition is G = V ΛV −1 , where V and Λ are its eigen-
vectors and eigenvalues. Then, (18) is structurally decomposed
to the following low-order subsystems by a linear transforma-
tion

˙̄ei (t) = [A − λiBK] ēi (t) − Bγi (t) − εi ēi + 1 (t)

i = 1, . . . , N (19)

where εi ∈ {0, 1} is a two-valued number, λi ∈ C is the eigen-
value of

G,

⎡

⎢⎢⎣

ē1(t)
...

ēN (t)

⎤

⎥⎥⎦ = (V −1 ⊗ I2)E(t)

and
⎡

⎢⎢⎣

γ1(t)
...

γN (t)

⎤

⎥⎥⎦ = V −11N a0(t).

It should be noted that: 1) even if G is a real matrix, (19)
may be a complex dynamical system, whose parameters vary
with λ ∈ {λ1 , . . . , λN }; 2) the exact value of λ is not known,
because of the uncertainty of G, caused by degraded link quality
and cut-ins/offs of vehicle. The possible range of eigenvalues of
different information topologies has been studied in [16]. Here,
it is assumed that λ lies in Fλ defined as

Fλ =
{
λ = α + β · j : α ≤ α ≤ ᾱ and β ≤ β ≤ β̄

}
(20)

where j =
√−1. The constants α, ᾱ, β, and β̄ are the max-

imum/minimum value of α and β. Since linear transformation
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Fig. 1. Required distribution area of poles of the platoon sliding motion.

will not change the characteristic polynomial of a dynamical
system, an LMI approach is proposed to place the poles of slid-
ing motion of the platoon system, based on (19) in the following
section.

C. Pole Placement

To balance quickness and smoothness, the poles of the sliding
motion are required to locate in a predefined region Fp , which is
the shadow area in Fig. 1 [31]. The parameter c > 0 ∈ R deter-
mines the convergence speed, and the smoothness of response
is designed by selecting a proper ϕ.

Referring to [31], the poles lie in Fp , if and only if for ∀λ ∈
Fλ, described by (20), there exists P T = P > 0 ∈ R2×2 , such
that

R1 = AP + PAT + 2cP − λBKP − λH P (BK)T < 0

R2 = σH AP + σPAT − λσH BKP − λH σP (BK)T < 0
(21)

where σ = sin (ϕ) + cos (ϕ) · j, the superscript #H denotes
the conjugate transpose of “#.” The first inequality in (21) is
to ensure that the real parts of poles are smaller than −c. The
second makes the poles in the sector area depicted by Fig. 1. It
is obvious that it is impossible to validate and solve (21) with all
possible λ. The following theorem can convert it to a standard
LMI problem.

Theorem 2: If there exist matrixes, P T = P > 0 ∈ R2×2

and W ∈ R2 , such that

AP + PAT + 2cP − λ̂BW − λ̂H (BW )T < 0

σH AP + σPAT − λ̂σH BW − λ̂H σ(BW )T < 0

λ̂ ∈ {ᾱ + β̄ · j; ᾱ + β · j; α + β̄ · j; α + β · j} (22)

then with the feedback K = WP−1 , (21) holds for ∀λ ∈ Fλ.
Proof: First, the first inequality in (21) is considered. For

∀λ = α + βj, left and right multiplying the left side of R1 with
ζH and ζ, where ζ ∈ C2 is an arbitrary complex vector, and
then substituting K = WP−1 into it yields

ζH R1ζ = r + 2
(
αα̂ − ββ̂

)
(23)

where ζH BWζ = −α̂ − β̂ · j and r = ζH (AP + PAT +
2cP )ζ. If α̂, β̂ > 0, the following inequality can be obtained
from the first inequality of (22) with λ̂ = ᾱ + β · j

ζHR1ζ ≤ r + 2
(
ᾱα̂ − ββ̂

)
< 0. (24)

Fig. 2. Bench test system for validation of the platoon control system.

Under the other possible conditions, i.e., (a) α̂ > 0 and β̂ ≤ 0;
(b) α̂, β̂ ≤ 0; (c) α̂ ≤ 0 and β̂ > 0, the same conclusion like (24)
can also be achieved. This implies that for ∀ζ ∈ C2 , ζH R1ζ <
0. Then, according to the definition of negative definite matrix,
the first inequality of (21) establishes. Similarly, the second
inequality of (21) also holds because of the second inequality
of (22). �

Theorem 2: provides a way to place the poles of sliding mo-
tion in the desired region by solving four LMIs, even though G is
not exactly known. The only requirement is that the eigenvalues
of G lie in a rectangle bounded area. The range of eigenvalues of
different information topologies has already been investigated
and there are some methods to estimate the range of matrix
eigenvalues, such as Gail-disk theorem [16]. When using the
proposed control strategy, the feedback K is solved numeri-
cally offline to ensure the required sliding dynamics according
to the estimated bounds of the topological eigenvalues. The re-
quired sliding dynamics can be achieved for any platoon whose
topological eigenvalues lie in the same range used to solve K.

Moreover the string stability is an important property for
vehicular platooning. When using the identical state feedback
control strategy, the leader information is necessary to ensure
it [6]. Here, the information connection between vehicles is
uncertain. Though the string stability cannot be ensured, from
(18) the upper bound of average tracking error on the sliding
surfaces can be estimated by

RMS [E (t)] =

√∑N

i=1

‖ei (t) ‖2
2

N
≤ η‖a0 (t)‖2 (25)

where η = ‖[sI2N − IN ⊗ A + G ⊗ (BK)]−1IN ⊗ B‖∞,
‖ · ‖2 denotes the L2 norm of signal and its induced norm is
‖ · ‖∞. Since the poles of closed-loop system are placed in the
left half plane of complex plane (shown in Fig. 1), the closed
loop system is global asymptotical stable and its H∞ norm is
bounded.

IV. VALIDATION BY BENCH TESTS

In this section, the effectiveness of the proposed DASMC
method for platoon control is validated by bench testing.
The test bench is depicted in Fig. 2 including a real-time
simulator and a virtual reality (VR) simulation platform. The
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Fig. 3. Driving profiles of the leader. (a) Acceleration profile of the
leader.

PXI platform of national instruments corporatio (NI) is utilized
to run the nonlinear vehicle dynamical models (2) and the
designed DASMC in real time. The VeriStand of NI is used to
manage this real-time simulator. Each vehicle is equipped with
a vehicle-to-vehicle communication equipment. The scenarios
and wireless communication are modeled in Prescan of Tass
International Co. Ltd. (TNO), which is a real-time VR simula-
tion platform for intelligent and connected vehicles, running on
a workstation. The states of vehicles in the virtual scenarios are
determined by vehicle dynamical models. The signals of the PXI
platform and Prescan are exchanged by control area network.

The tested platoon comprises one leader and 12 followers.
The desired distance between two neighboring vehicles is 5 m.
The leader accelerates/decelerates periodically (shown in Fig. 3)
and its initial speed is set to be 15 m/s.

During testing, the coefficient of rolling resistance and time
constant of drivetrain dynamics are set to 0.02 and 0.4 s, respec-
tively. The vehicle parameters are generated before simulation
randomly, which distribute in their possible range uniformly

M̄ = 1600 + 50μ, M = 1600 − 50μ

φ̄ = 0.29 + 0.001μ, φ = 0.29 + 0.001μ (26)

where “#̄” and “#” are the maximum and minimum value of
variable “#” and μ denotes the uncertain level. The environ-
mental disturbances vary sinusoidally

vw (t) = 0.4μ sin (πt/4)

ρ (p) = 0.01μ sin (πp/200 + π) (27)

where π is the circumference ratio and p is the vehicle position.

A. Robust Performance Analysis

To evaluate the control effectiveness, the results of DASMC
(with the parameters γ = 0.3 and K = [37.4 33.3 ]) have been
compared with an SMC and a DSFC. The sliding surfaces
and reaching law of SMC are the same with DASMC, but a
switching control part is used to eliminate the uncertainties, and

the SMC is

ui (t) = Mi,0
[
ai (t) − γτisi (t) + θT

i,0wi (t)
]

− Mi,0τiK
∑

j∈Ni

[
vi (t) − vj (t)
ai (t) − aj (t)

]

− τisign
[
si (t) wT

i (t)
]
Δiwi (t) (28)

where θi,0 is the nominal value of θ2,i , Mi,0 is the nominal
value of Mi and Δi ∈ R3×3 is a diagonal matrix, whose diago-
nal element Δi(k) is the maximum error of parameter satisfying
|θi,0(k) − θ2,i(k)| ≤ Δi(k), k = 1, 2, 3. With a lower inverse
model to compensate for vehicle nonlinear dynamics, the fol-
lowing DSFC is designed [16], [26]

Fd,i (t) = Mi,0 ui (t) + φi,0v
2
i (t) + Migfi

ui (t) = Ks

∑

k∈Ni

⎡

⎢⎣
pi (t) − pk (t) − (i − k) d0

vi (t) − vk (t)
ai (t) − ak (t)

⎤

⎥⎦ (29)

where Ks = [−8 −9 −3 ] is the state feedback designed by
using the H∞ method [27], [28].

To validate that the proposed method can deal with the uncer-
tainty of information topology, the tests have been conducted
with the following topologies [16].

1) Bidirectional topology (BDT).
2) Predecessor following topology (PFT).
3) Two-predecessors following topology (TPFT).

The control performances are measured by the maximum
tracking error of distance and the results are shown in Fig. 4.

It is found from Fig. 4 that the maximum distance error of
SMC almost remains unchanged when μ ≤ 6 and among all
different test conditions, SMC has the best robust performance.
The environmental resistance and model uncertainties are atten-
uated effectively by the switching control part of SMC. When
the uncertainty is relatively small, DASMC has almost the same
control performance with SMC. But, its maximum distance er-
ror almost increases with μ linearly and becomes larger than
SMC under the disturbed conditions. The switching control part
of SMC is replaced by an adaptive algorithm, whose continuous
regulatory mechanism reduces its respond speed to perturba-
tions. For both SMC and DASMC, it can be found from (18) that
only the disturbance arising from the acceleration/deceleration
of the leader needs to be considered after the sliding surfaces
converge. However, when optimizing the feedback of DSFC
by using the H∞ method, all disturbances and uncertainties
should be attenuated at the same time, such as wind and road re-
sistances, parametric errors, etc. This leads DSFC to the biggest
distance error among all test conditions. Besides, when vehicles
are interacted by BDT, its maximum distance error even exceeds
5 m, which implies that there exist collisions between vehicles.

Though SMC has the best performance, its control input
switches with high frequency even when there is no uncertainty
[shown in Fig. 5(a)]. This is bad for riding comfort and actuators’
life. For DASMC, the switching part of SMC is replaced by an
adaptive algorithm, which estimates the parameters of vehicle
and environment online to compensate for such disturbances.
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Fig. 4. Maximum distance tracking error. (a) BDT. (b) PFT. (c) TPFT.

Its control input is continuous and smooth, and the adaptive al-
gorithm can adjust the control parameters of DASMC correctly
[shown in Fig. 5(b)].

Furthermore, it is found that the information topology in-
fluences the platoon performance, comparing the results under
different topologies in Fig. 4. From [16] and the decoupled slid-
ing dynamics (19), the platoon system is composed of multiple
subsystems, whose feedback gains depend on the eigenvalues of
G. A smaller eigenvalue will reduce the feedback control effect,
resulting in larger tracking error. From Table I, the minimum

Fig. 5. Control inputs of follower 6 coupled by TPFT as an example.
(a) μ = 0. (b) μ = 10.

TABLE I
EIGENVALUE RANGE OF INFORMATION TOPOLOGIES

Topology min
i=1 , . . . ,N

λi max
i=1 , . . . ,N

λi

BDT 0.0158 3.9372
PFT 1 1
TPFT 1 2

eigenvalue of BDT is the smallest, which implies that some of
the subsystems of this platoon have a weak feedback regulation
ability. The minimum eigenvalues of PFT and TPFT are the
same, but the maximum one of TPFT is bigger. Summarizing
the above analysis, the performance of platoon interacted by
BDT is the worst and that of TPFT is slightly better than PFT.

B. Random Information Topology

In this section, the proposed method is further validated by
a random information topology, which is common in practice
because of the degradation of wireless communication caused
by environments. A statistical model is used to describe the
success possibility of a packet delivery between two commu-
nicating vehicles, which is a function of distance and depicted
by Fig. 6(a). If two vehicles are far away, they are difficult to
communicate with each other. The maximum communication
distance is set to be 100 m. When the vehicles in the platoon
are coupled by such random information connections, the
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Fig. 6. Statistical model and results of communication topology.
(a) Possibility function of successful communication. (b) Distribution of
topological matrix eigenvalues.

distribution of the amplitude of topological eigenvalues is
shown in Fig. 6(b). It can be found that the amplitude of
eigenvalue varies in a large range and the minimum one is
greater than 0.05, which is established in Remark 1.

During testing, the uncertain level μ = 10. From the test re-
sults shown in Fig. 7, the maximum control errors of distance
and speed are 0.36 m and 0.12 m/s, respectively. Though the
information topology is assumed to be uncertain, but time in-
variant, when doing theoretical analysis. The results show that
the proposed method is also applicable for the platoon interacted
by random and time varying topologies. Then, comparing the
distance and speed control errors of different vehicles [shown in
Fig. 7(c) and (d)], it can be found that these errors are bounded
in a certain range. These two control errors almost decrease
along the platoon with the same manner, which implies that
the disturbance arising from the acceleration/deceleration of the
leader can be dampened along platoon effectively. This is called
string stability and it is important for platoon driving, which
needs to be further studied theoretically [6]. Furthermore, com-
paring the control errors with the acceleration profile in Fig. 3,
we found that the control errors are related to the behavior of
the leader. The maximum error increases with the amplitude of
eader acceleration. Though the amplitude of the leader is set to
2 m/s2 , which is critical than most normal driving scenarios,
collisions may happen if the leader decelerates greatly. Some
effective ways to prevent collision under critical conditions can
be found in [32] and [33].

Fig. 7. Results of platoon interacted by a random topology. (a) Distance
tracking error. (b) Speed tracking error. (c) Distance tracking error along
the platoon. (d) Speed tracking error along the platoon.

V. CONCLUSION

This paper presents a DASMC methodology for a vehicular
platoon system, whose nodes are interacted by uncertain but
eigenvalue-bounded information topologies. Distinct from ex-
isting techniques, this control scheme does not require the exact
entry values of topological matrix, but only needs to know the
bounds of its eigenvalues. Both theoretical analysis and bench
test results demonstrate that:
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1) With the application of wireless communication, such
as DSRC, the interaction between vehicles in a pla-
toon becomes more complex, because of the adverse
communication environment and continuously moving
vehicles.

2) The designed adaptive law for uncertain vehicle parame-
ters adjusts the SMC successfully to gain better capability
of disturbance attenuation by using only the collected in-
formation of other vehicles. The switching part of SMC is
replaced by the proposed adaptive approach, meanwhile
the convergence of the distributed sliding surfaces can be
guaranteed.

3) The proposed structural decomposition method decou-
ples the sliding motion dynamics of the platoon system
controlled by the designed DASMC into lower-order sub-
systems. The feedback coefficient, solved by the numer-
ical method of LMI, ensures that the poles of sliding
motion locate in the required area, balancing quickness,
and smoothness.

4) The proposed DASMC controls the vehicular platoon in
a satisfactory manner, which is composed of vehicles
with uncertain parameters, disturbed by environmental
resistance forces, and interacted by uncertain and time-
varying information topologies.

Some open questions are worthy to be further investigated as
follows.

1) The control performances of DAMSC is greatly affected
by the interaction topology. How to select communicated
vehicle information into control to attenuate the negative
influence of wireless communication will be studied in
the future.

2) The theoretical analysis of string stability of DASMC is
not given, which is very important for platoon driving
and needs to be further studied.

3) Theorem 2 provides the sufficient condition of required
sliding motion dynamics. Its existence relies on the bound
of the eigenvalues of G. The necessity condition is not
given.
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