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Abstract—The platooning of connected and automated
vehicles (CAVs) is expected to have a transformative im-
pact on road transportation, e.g., enhancing highway
safety, improving traffic utility, and reducing fuel con-
sumption. Requiring only local information, distributed
control schemes are scalable approaches to the coordi-
nation of multiple CAVs without using centralized com-
munication and computation. From the perspective of
multi-agent consensus control, this paper introduces
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a decomposition framework to model, analyze, and design the platoon system. In this
framework, a platoon is naturally decomposed into four interrelated components, i.e.,
1) node dynamics, 2) information flow network, 3) distributed controller, and 4) geom-
etry formation. The classic model of each component is summarized according to the
results of the literature survey; four main performance metrics, i.e., internal stability,
stability margin, string stability, and coherence behavior, are discussed in the same
fashion. Also, the basis of typical distributed control techniques is presented, including
linear consensus control, distributed robust control, distributed sliding mode control,

and distributed model predictive control.

I. Introduction
he platooning of connected and automated vehicles
(CAVs) on the highway has attracted extensive inter-
est due to its potential to significantly impact road
transportation. The control of a platoon aims to en-
sure all the vehicles in the same lane move at a consistent
speed while maintaining the desired spacing between ad-
jacent vehicles. To our best knowledge, the earliest imple-
mentations date back to the PATH program in the 1980s,
where many topics were studied such as division of control
tasks, the layout of control architecture, as well as control
laws for headway control [1]. Recently, some demos were
performed in the real world, including the GCDC in the
Netherlands [2], SARTRE in Europe [3], and Energy-ITS in
Japan [4].

Earlier studies on platooning often only consider radar-
based sensing systems, in which the types of information
exchange topologies are quite limited. However, the rapid
deployment of vehicle-to-vehicle (V2V) communications,
such as dedicated short range communication (DSRC)[5],
[6], can generate a variety of new topologies for platoons,
e.g., two-predecessor following type and multiple-prede-
cessor following type [7], [8]. New challenges naturally
arise due to the topological variety, which is even critical
when considering time delay, packet loss, and quantization
error in the communications. In such cases, it is prefer-
able to view a platoon as a network of dynamical systems,
and to employ multi-agent consensus control schemes to
design distributed controllers [7], [23]. For example, Wang
el al. introduced a weighted and constrained consensus
seeking framework to study the influence of time-varying
network structures on the platoon dynamics by using a
discrete-time Markov chain [10]. Bernardo et al. analyzed
vehicle platoons from the viewpoint of consensus control of
a dynamic network [11]. Zheng et al. introduced two funda-
mental methods to improve the stability margin of platoons
via topological selection and control adjustment [22]. Gao
et al. proposed an H.. control method to address uncertain
vehicle dynamics and time-delays [42]. More recently, both
robustness analysis and distributed . control synthesis
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have been discussed for a platoon of connected vehicles
with undirected topologies in [12].

From the perspective of multi-agent consensus control,
a platoon of CAVs is actually a one-dimensional network
of dynamical systems, where the vehicles only use their
neighboring information for feedback. This perspective
naturally decomposes a platoon of CAVs into four interre-
lated components, i.e., node dynamics (ND), information
flow network (IFN), distributed controller (DC), and for-
mation geometry (FG), which is originally proposed in [22],
[23]. This decomposition is able to provide a unified frame-
work to analyze, design, and synthesize the platoon sys-
tem, as well as further on-road implementations [23], [24].
The main contributions of this paper are: 1) we summarize
the modeling techniques of each component in a platoon
according to the proposed four-component framework; 2)
we present a detailed discussion of techniques on four per-
formance metrics in a platoon, i.e., internal stability, stabil-
ity margin, string stability, and coherence behavior; 3) we
introduce basic distributed synthesis methods, including
linear consensus control, distributed robust control, dis-
tributed sliding mode control, and distributed model pre-
dictive control.

The rest of this paper is organized as follows: Section 11
introduces the four-component framework, and presents
the modeling techniques of each component. Section III
reviews four main performance metrics, followed by dis-
cussions on distributed controllers in Section IV. Section V
concludes this paper.

Il. Modeling of a platoon of CAVs:

the Four-component Framework

This paper considers a platoon of CAVs on a flat road, which

aims to move at the same speed while maintaining desired

spacing among vehicles. The platoon has a leading ve-

hicle and other following vehicles. As shown in Fig. 1,

the platoon system can be viewed as a combination of four

main components [22], [23]:

1) Node dynamics (ND), which describes the behavior of
each involved CAV;
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FIG 1 Four major components of a platoon [22], [23]: 1) node dynamics, 2) information flow network,
3) distributed controller, 4) geometry formation; where d; is the actual relative distance, dues is the
desired distance, u; is the the control signal, x; is the state, A; denote the dynamical uncertainty,

Note that we only present the ba-
sic descriptions of the performance
metrics, and the exact mathematical
definitions might be slightly differ-
entin the literature.

A. Node Dynamics (ND)

Many previous studies on platoon
control only emphasize on the longi-
tudinal dynamical behaviors. Only a
few studies discussed the integrated
longitudinal and lateral control [44],
[45]. Bicycle model is usually used to
describe the lateral dynamics for con-
trol design (see [44], [45] for details).
Here, we only review the modeling of
longitudinal dynamics. In addition,
we mainly focus on continuous mod-
els, and there is an alternative class
of modeling techniques using timed
automata or hybrid models; see [65]-
[67] for details.

and C denotes the controller.

2) Information flow network (IFN), which defines how the
nodes exchange information with each other, including
the topology and quality of information flow;

3) Distributed controller (DC), which implements the
feedback control only using neighboring information;

4) Formation geometry (FG), which dictates the desired
inter-vehicle distance when platooning.

Each component in Fig. 1 has significant influence on
the collective behavior of a platoon. According to the four-
component framework, a categorization of existing litera-
ture can be found in [23], [24]. In this section, we present
a detailed discussion of the modeling techniques for each
component. For completeness, we first introduce the defi-
nitions of some performance measures that are widely
used in platoon control.

Definition 1 (Internal Stability). A linear platoon is
said to be internally stable if and only if the closed-loop sys-
tem has eigenvalues with strictly negative real parts [5], [7];

Definition 2 (Stability Margin). The stability margin
of a platoon is defined as the absolute value of the real part
of the least stable eigenvalue, which characterizes the con-
vergence speed of initial errors [22], [25];

Definition 3 (String Stability). A platoon is said to be
string stable if the disturbances are not amplified when
propagated downstream along the vehicle string [27], [33];

Definition 4 (Coherence Behavior). The coherence be-
havior describes how well the formation resembles a rigid
body subject to exogenous disturbances [39], [54], which is
quantified as a certain %> norm of the closed-loop system.
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Vehicle longitudinal dynamics are
inherently nonlinear, consisting of drive
line, brake system, aerodynamics drag,

rolling resistance, gravitational force [15], [29]. The following
nonlinear equations and its variants are widely employed to
model the nonlinear longitudinal dynamics:

pi(t)=vi(t)
ZTl Ti(t) = mivi(1)+ Cavi (1) +migf, ie N, (1)

TiT1(2)+ Ti(t) = Tuesi (1)

where, N={1,2,..., N}; p:(t) and v;(¢) denote the posi-
tion and velocity of vehicle i; m; is the vehicle mass; C,;
is the lumped aerodynamic drag coefficient; g is the ac-
celeration due to gravity; f is the coefficient of rolling re-
sistance; 7;(t) denotes the actual driving/braking torque;
Tues,i(t) is the desired driving/braking torque; 7; is the in-
ertial delay of vehicle longitudinal dynamics; r.,; denotes
the wheel radius and 77, is the mechanical efficiency of
driveline. The position and velocity of the leading vehicle
are denoted by po(t) and vo(t), respectively.

Some studies directly use nonlinear models for platoon
control (see [19], [21], [27], [34], [45]). The asymptotic stability
and string stability can be guaranteed by carefully selecting
the control parameters, but explicit performance limits are
rather difficult to analyze with given spacing policy and
communication topology. Actually, linear models are more
frequently used for tractable issues. In the literature, the
commonly used models include 1) single integrator model,
2) second-order model, 3) third-order model, and 4) single-
input-single-output (SISO) model.
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The single integrator model is
the simplest case, which takes the
vehicle speed as control input and
position as the exclusive state, i.e.,

Many important theoretical results rely on the assumption

of second-order dynamics which still does not catch many

pi(t)=ui(t). ©)

where the control input u;(#) is the
velocity of each vehicle. This single
integrator model (2) can significantly
simplify the theoretical analysis on
controller design. For instance, the structured optimal con-
trol of platoons can be transformed into a convex problem
under the single integrator assumption, but this problem is
challenging for other models [39]. However, in addition to
largely departing from actual vehicle dynamics, the single
integrator model fails to reproduce string instability [35]. An
improvement is to assume NI as a point mass, resulting in
the double-integrator model [18], [35], [36]:

pi(t)=v:(t)
{i)i(t)Zui(t)' ®)

where u;(2) is the acceleration of each vehicle. Many im-
portant theoretical results, like decentralized optimal
control [39], stability margin analysis [18], [25], [26], and
coherence behavior [54], rely on the assumption of second-
order dynamics. This assumption still does not catch many
features of real vehicle dynamics, e.g., inertial delay in
powertrain dynamics. One modeling trend is to further in-
crease one state and yield so-called third-order model. The
added state is often to approximate the input/output hehav-
iors of powertrain dynamics, which equivalently degrades
the control input to engine torque and/or braking torque
[15], [17], [20]. Most approximations use either feedback
linearization technique [5], [15], [37] or lower-layer control
technique [1], [45], resulting in a state space model as:

xi(t)=Aixi(t)+ Biui(t)

pi 01 O 0
zi(t)=|vi|,Ai=|0 0 1 |, Bi=|0|, )

ai 00 -1 1

Ti Ti

where 2;(1)=[pi,vi,a:]" is the state, u;(¢) is the desired
acceleration of each vehicle, and 7; is the time constant of
approximated powertrain dynamics. An alternative of the
abovementioned models is the transfer function model,
which is often used to analyze string stability in frequen-
cy domain.

pi(s)= %vi(s), vi(s)= %ai(s),
ai(s)=H:(s)uis), @)
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features of real vehicle dynamics, e.g., inertial delay in
powertrain dynamics.

where pi(s),vi(s),ai(s) are the Laplace transforms of
node i’s position, velocity and acceleration, respectively;
ui(s) is the control input, and H;(s) is a linear single-in-
put-single-output (SISO) strictly proper transfer function.
This model has two integrators and a lower order iner-
tial delay, which leads to some fundamental limitations
for certain platoons [33]. The pioneer work on this model
started from Seiler, Pant, and Hedrick [33], and later wide-
ly employed in many other studies; see e.g., [50] and [53].

B. Information Flow Network (IFN)

The control of the collective behavior of multiple CAVs is based

on vehicles’ mutual awareness of their states (e.g., inter-vehi-

cle distance and vehicle speed), which is achieved by inter-
vehicle sensing and communication. As shown in Fig. 1, the
information provided by inter-vehicle sensing and communi-
cation serves as an important input to each local controller,
thus having a significant impact on the collective behavior.

Here, we briefly discuss the topology and quality of informa-

tion flow, as well as a graph-based modeling approach.

1) Information Flow Topology (IFT). The IFT captures
the connectivity of information exchange between ve-
hicles, and affects the platoon behavior such as string
stability [33], stability margin [22], [25], and coherence
behavior [39], [64]. Early-stage platoon control is mainly
based on radar-sensing, and a vehicle can only obtain
information about its nearest neighbors, i.e., imme-
diately preceding and following vehicles. In this case,
feasible IFTs include the predecessor following (PF)
and bidirectional (BD) topologies, as shown in Fig. 2(a)
and (b) respectively. Nowadays, with V2V communica-
tion via technologies such as IEEE 802.11p-based DSRC
and the emerging 5G solutions, various IFTs become
feasible since a vehicle can communicate with vehicles
beyond its immediate surroundings [5], [7]. Typical to-
pologies include the predecessor-following leader (PFL)
type, bidirectional leader (BDL) type, two predecessor-
following (TPF) type, and two predecessor-following
leader (TPFL) type, as shown in Fig. 2(c)-(f) respective-
ly. Since IFT has a significant impact on the behavior of
a platoon, it is important to adapt IFT (e.g., by control-
ling the transmission power of communications) based
on the need of platoon control [49].
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FIG 2 Typical IFTs: () PF, (b) BD, (c) PFL, (d) BDL, (e) TPF, (f) TPFL.

2) Quality of information exchange. Given a specific IFT,
the quality of inter-vehicle sensing and communica-
tion also impacts the platoon behavior. For instance,
the accuracy of radar sensing impacts the robustness
and performance of platoon control. Meanwhile, wire-
less communication quality significantly impacts the
safety and performance of platoon control [47], [48].
Therefore, it is important to take the sensing and wire-
less communication quality into account in platoon con-
trol. For wireless communication whose quality can be
controlled by using mechanisms such as scheduling,
power control, and rate control, it is important to con-
sider the joint control of wireless communication and
vehicle platoon [63]. Existing IEEE 802.11p-based inter-
vehicle wireless communication does not enable pre-
dictable control of co-channel wireless interference and
thus unable to ensure predictable control of communi-
cation quality. With recent breakthroughs in wireless
control networking, wireless communication quality
can be controlled in a predictable manner [49], thus
having opened the door to the co-design of vehicular
wireless networking and platoon control [63].

3) Graph-based topological modeling. Directed graphs can
be used to model allowable information flow between the
vehicles in a platoon [7], [22]. More descriptions on graph
theory can be found in [59] and the references therein.
The information flow among followers is described by

a directed graph Gy ={Vx, Ex, Ax} with a set of nodes

Vy={1,2,..., N}, a set of edges Ex<C VyxVy and

the adjacency matrix Ay =[a;]€ RY. Each edge (J,i)

represents a directed information flow from j to i. An

edge (j,i) belongs to &y, if and only if a; = 1; other-
wise a; =0. It is assumed that there are no self-edges.

The neighbor set of node i is denoted by N; = {j|a;=1}.
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The in-degree of i-th node is deg; = Z}tlaij. Denote
Dy = diag{deg,deg.,...,deg,}, and the Laplacian ma-
trix £ =[l;]€ R of Gv is defined as £ = Dy — Anx.

To model the information flow from the leader to the
followers, we define an augmented graph as Gy+:1 with
a set of nodes Vn+1={0,1,2,..., N} and a set of edges
En+1 € Vet X Vst A pinning matrix represents how
each follower connects the leader, which is defined as
P =diag{e1, o, ..., }, Where o, =1 ifedge {0,i} € En-1;
otherwise g; = 0. The leader accessible set of node i is

P = {O}’ if 50i=1
=10, if =0

A spanning tree is a directed path connecting all the
nodes in the graph [59]. The augmented graph G+ should
contain one spanning tree rooted at the leader for control-
lability. It is easy to see that all the IFTs demonstrated in
Fig. 2 contain at least a spanning tree. To illustrate some
notations, considering PF and BD topologies, we have

0 1
Lo=| 1 1 | Por = 0 ,
-1 1 0
1 -1 1
P I P
-1 1 0

The matrices £, # encapsulate the topological connec-
tions of the information flow in a platoon. In the proposed
framework, £+ % plays an important role in the closed-
loop dynamics (see (15)). The eigenvalues of £+ % have
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a key impact on the stability margin for platoons with lin-
ear node dynamics (see Lemma 5 in [7]). It is proved that
all the eigenvalues of £+ % locate in the open right-half
plane when Gn+1 contains one spanning tree rooted at the
leader [7], [59]. Further, it is shown that for undirected to-
pologies, the minimum eigenvalue of £ + % has a close re-
lationship with the number of followers that are pinned to
the leader (see Theorem 1 in [22]). The discussion in this
paper mainly focuses on the impact of IFT, but the graph-
based modeling approach can he extended to model the
quality of information flow by introducing weights to each
edge of the graph [59].

C. Distributed Controller (DC)

The DC implements the feedback control using neighbors’
information, specified by I; = N;UP;, to enable the glohal
coordination. An unstructured DC is one that corresponds
to a complete graph which requires all-to-all communica-
tions. Many existing studies consider structured control
laws either in an explicit or implicit way; see [14], [15], [37]
and [39].

The commonly used DC is linear for comprehensive
results on theoretical analysis, and convenience in hard-
ware implementations [7]. The general form of linear con-
troller is:

wi(t)==7 [kip(pi(t—"vi)—p;(t—"7vy)—dij)

je li
+ ki (0i(t—ya)—v;(t—vy))
+kija(ai(t=yy)—a;(t=v;)), (6)

where ki+ (#=p,v,a) is the local controller gain, y; is
the time delay corresponding to obtain its own state, and
v is the time delay corresponding to receive the state of
node j via a communication channel. Many previous work
only employed specific types of (6). The internal stability
of a platoon with a linear controller largely depends on the
structure of [FT. For example, the stabilizing region of lin-
ear control gains was explicitly derived in [7] for a class
of topologies, and string stability requirements for PF to-
pology were established in [15]. The optimization methods,
either numerical or analytical, were also used to optimize
the localized gains [36], [39]. There are also some studies
employing sliding mode control (SMC) to design a string-
stable platoon [15]. For SMC, the internal stability and
string stability of platoons are usually realized through a
posterior controller tuning.

There are two main drawbacks in the design methods
above: 1) they are unable to explicitly address string sta-
bility, and 2) they are unable to handle the state or con-
trol constraints. Recently, H. controller synthesis has
been proposed to include the string stability requirement
in the design specification [20]. Model predictive control
(MPC) has been introduced into platoon control to fore-
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cast system dynamics, explicitly handling actuator/state
constraints by optimizing given objectives [2], [19], [21].
In Section IV, we will introduce more details on how to
design linear consensus controller, distributed robust con-
troller, sliding mode controller, and model predictive con-
troller for platoons.

D. Formation Geometry (FG)

The objective of platoon control is to track the speed of the
leader and to maintain a desired formation governed by an
inter-vehicle spacing policy, i.e.,

{I,Lrgllvf(t)—vo(t>l=0

im| pi 1 ()= pi(0) = di-ri| =00 TEN> (D)

where d;-1, is the desired space between i — 1 and i, which
determines the formation geometry of a platoon.

There are three major policies of FG: 1) constant dis-
tance (CD) policy, 2) constant time headway (CTH) policy,
and 3) nonlinear distance (NLD) policy [13]. For the CD
policy, the desired distance between two consecutive ve-
hicles is independent of vehicle velocity, which can lead
to a high traffic capacity. In this case, d;-1, is a given con-
stant number,

di_l,i = do, ie N, (8)

where do is a positive number. For CTH policy, the de-
sired inter-vehicle range varies with the velocity, which is
in accord with driver behaviors to some extent but limits
achievable traffic capacity. One commonly used formula-
tion is:

di-1i= it do, i €N, Q)

where ¢, is the time headway. For NLD policy, the desired
inter-vehicle is a nonlinear function of velocity, i.e.,

di—i,i = g(l),'), ie N. (10)

Note that NLD policy has the potential to improve both the
traffic flow stability and traffic capacity compared with CD
and CTH policies [58].

Ill. Performance of a Platoon of CAVs:

Stability and Robustness

In this section, we discuss the performance of a platoon
of CAVs, with a special focus on stability and robustness.
Some practical benefits, such as reducing fuel consump-
tion and improving traffic efficiency, are not covered
here (we refer the interested reader to [30]-[32]). For
example, a special design for fuel optimized platoon
control was designed in [32], which uses a distributed
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Pulse-and-Glide (PnG) controller to switch the engine
operation point between two optimum positions to achieve
lower average fuel.

In the field of platoon control, there are four important
and commonly discussed performance metrics, namely,
internal stability, stability margin, string stability, and
coherence behavior. In general, the first two metrics fo-
cus on stability of a platoon, while the other two metrics
focus on the robustness of a platoon considering external
disturbances. We note that a detailed categorization can
be found in [24]. In addition to these performance mea-
sures, some other metrics, such as fast convergence and
safety, are also important when designing a practical pla-
toon system.

A. Internal Stability

No matter what kind of topology is employed, internal stabil-
ity must be guaranteed in a platoon. Two main approaches
have been proposed to ensure the internal stability: 1) global
approach [17], [67], and 2) local approach [9], [15], [21].

The first approach is to straightforwardly take the
overall platoon as a structured system and then design
a controller in a centralized way, in which IFT hecomes
less important in the design process. For example, a linear
matrix inequality (LMI) was obtained based on the global
platoon dynamics to guarantee internal stability [17], [57].
One major drawback of this approach is that the com-
putation efficiency quickly worsens with increasing the
platoon size. Therefore, most studies decomposed a pla-
toon into sub-systems and applied decentralized control
methods, leading to the second approach. For instance,
under PF topology, a platoon can he naturally viewed as
unidirectional cascade systems, which only needs to study
any two successive vehicles to guarantee stability; see [9],
[15], [20] and [28]. Besides, the inclusion principle was used
to decompose such kind of platoon into local subsystems,
where an overlapping controller was designed [37]. This
technique is not suitable for a platoon with BD topology
since its spacing errors propagate from both forward and
backward directions. Partial differential equation (PDE)
techniques were applied to approximate the dynamics of
platoons with BD topologies [18], [25], [26], which could
avoid the analysis of high dimensional dynamics. In ad-
ditional, Lyapunov method based energy function was
used to prove bhoth longitudinal car following stability and
latitudinal lane keeping stability [44]. As an extension, La-
salle’s invariance principle can also be utilized to prove
asymptotic stability for time invariant platoon systems in
the case where the derivative of a Lyapunov candidate is
only negative semi-definite.

B. Stability Margin
Stability margin is used to characterize the convergence
speed of the spacing errors in a platoon [22]. Most of cur-
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rent research on stability margin focus on the CD policy,
which has revealed that stability margin is a function
of 1) platoon size (/V), 2) ND, 3) IFN, 4) DC structure [18],
[22], [25], [26].

By considering ND as a point mass, Barooah et. al proved
that the stability margin approached zero as O(1/N?) un-
der symmetric bidirectional control, and asymptotic be-
havior of stability margin could be improved to O(1/N) by
introducing small amounts of “mistuning” [18]. This result
was extended to linear third-order dynamics, which cov-
ers the inertial delay of powertrain dynamics in [7]. Using
the PDE approximation, Hao et al. showed that the scal-
ing law of stability margin could be improved to O(1/N*?)
under D-dimensional IFTs [25]. Recently, it was shown that
employing asymmetric control, the stability margin could
be bounded away from zero, which is independent of the
platoon size [26]. Zheng et al. further pointed out two basic
methods to improve the stability margin via topology selec-
tion and control adjustment [22].

C. String Stability

The achievability of string stability has a tight relationship
with the FG and IFN in a platoon. Seiler et al. showed that
string stability cannot be guaranteed for any linear identi-
cal controllers under PF topology and CD policy [33]. Ba-
rooah et al. further pointed out that for a homogeneous
platoon with BD topology, linear identical controllers also
suffered fundamental limitations on the string stability
[50]. Middleton et al. extended the work in [33] by consider-
ing heterogeneous ND, limited communication range, non-
zero time headway policy, which showed that both forward
communication range and small time headway cannot
alter the string instability [53]. Some solutions have been
proposed to improve string stability, including: 1) relax-
ing formation rigidity, i.e., introducing enough time head-
way in the spacing policy [14], [15], [36], or using nonlinear
policy [58]; 2) using non-identical controllers for different
vehicles [18], [38]; 3) extending the information flow by us-
ing more complex IFTs [16], [37].

Recently, some advanced controllers have been pro-
posed to ensure string stability, including sliding mode con-
trol [15], model predictive control [2], [19] and H.. control
[17], [20]. Note that all of them either employ CTH policy or
use the leader’s information. Current research results usu-
ally focus on string stability caused by disturbances or ma-
neuvers of the lead vehicle. However, following vehicles in
a platoon also have the same probability encountering ex-
ternal disturbances. There are a few research results that
consider the effects of disturbances from any vehicle in a
platoon. For example, Seiler et al. [33] investigated multiple
disturbances propagate in the platoon, where string insta-
bility was addressed bhased on a constant spacing. This
work has been extended to a more practical situation with
a variable spacing strategy in [52].
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D. Coherence Behavior

The coherence behavior is a scalar metric adopting Hz-norm
of the closed-loop system, which characterizes the robustness
of a platoon driven by exogenous disturbances. This
captures the notion of coherence [40], [54]. Bamieh et al.
investigated the asymptotic scaling of upper bounds
on coherence behavior with respect to the platoon size,
and indicated that the IFN may play a more important role
than DC [54]. Several recent research used coherence
behavior as the cost function to optimize the local control
gains using augmented Lagrangian approach [39]. In addi-
tion, alternative direction method of multipliers (ADMM)
was used to optimize the communication structure of
[FTs in [40], where the cost function was the measure
of coherence hehavior. Recently, chordal decomposition
has been applied in the design of structured controllers,
which has the potential to address the coherence behav-
ior of platoons efficiently [55]; also see one recent result
in semidefinite programming [56].

IV. Controller Design of a platoon

of CAVs: Distributed Methods

This section introduces four types of distributed controller
design methods for a platoon of CAVs, i.e., linear consensus
control, robust control, distributed sliding mode control,
and distributed model predictive control. For the first two
methods, linear vehicle models are used, while nonlinear
vehicle models can be employed for the last two methods.
The main strategy of these methods is to decouple the pla-
toon dynamics into several subsystems depending on the
eigenvalues of £+ %. After decoupling, many synthesis
methods can be used to solve the required distributed con-
troller using LMIs.

A. Linear Consensus Control

Linear control is one of the most commonly used methods
for platoon control [13], [16], [18], since it can not only facili-
tate theoretical analysis but is also suitable for hardware
implementations. Many existing results on stability region,
stability margin, and string stability requirements [16], [17],
[37] are based on linear controllers.

Here, we introduce a generic approach to analyze the
collective behavior of platoons when employing linear
consensus controllers (see [7], [22] for more details). The
3rd-order state space model is adopted to describe node
dynamics, as shown in (4). The platoon is assumed to be
homogeneous (i.e., Ai=A, i € N') and the CD policy is em-
ployed. The general linear consensus controller is given
in (6). It is assumed that controller gains are identical,
ie, kis=ks (#=p,v,a), i € N. Besides, we assume that
there are no time-delays, i.c., v; = 0, i,j € N. To write (6)
into a compact form, we define a new tracking error

.i'[(t)Z.Z'i(t)—.Z'o(t)—ai, (11)
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where d; = [di0,0,0]". For CD policy, the desired distance

between the i-th follower and the leader is dio =—1i X do.
Then, (6) is rewritten into
wi(t) == k" (Z:(t)-z(1)), (12)

jeli

where k =k, ko, ka]" is a vector of local feedback gains.
To derive the collective dynamics of a platoon, we define the
collective state vector X = [21,25,..., 2%]" € R®*! and the
collective control input vector U = [u1, s, ..., un]" € RM".
The collective dynamics of nodes from 1 to N are

X(1)=In®A - X(1)+Ix®B-U(1) (15)

with Iv®A € RV Iy B € R*MY, where ® denotes
the Kronecker product. Based on (12), the collective form
of the distributed control law is written into

Ult)=—(L+P)QK"-X(1). (14)

Substituting (14) into (13), the closed-loop dynamics of a
homogeneous platoon become

X(1)=[In®@A - (L+P)QBE"]- X(1). (15)

Using the eigenvalue decomposition of £+ P, it is proved
that (15) is asymptotically stable if and only if

A—MBE",Vie N. (16)

are all Hurwitz, where A;,i € N are the eigenvalues of
L+ P [7]. By this way, the collective dynamics of a pla-
toon are reduced into the behavior of multiple subsystems.
Thus, the design of feedback gains is decoupled from the
IFT, leading to scalable solutions for large-scale platoons
[7]. Note that the eigenvalue decomposition of £ + % plays
a key role in decoupling the dynamics from [FTs, which
is also used in the design of distributed robust control
(see (19)).

As shown in (15), the closed-loop dynamics of a vehicu-
lar platoon is a function of four components, namely 1) ND,
denoted by A, B; 2) IFT, denoted by £ + %5 3) FG, included
in X as the desired distance (see (11)); and 4) DC, denot-
ed by %. In addition, it is easy to see that the performance
measures of platoons must have a tight relationship with
the four main components. However, it is usually rather
difficult to explicitly obtain the relationship between the
performance metrics and the decomposed components.
Most of existing research on string stability focuses on spe-
cific cases only; see [9], [16], [17] and [37] for example.

B. Distributed Robust Control
The robustness of platoon control systems is an important
topic. One practical way to handle model mismatches in
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vehicle dynamics is to use the consistent and accurate in-
put-output behavior of node dynamics [41]. Butitis not easy
to accommodate the heterogeneity in node dynamics.

Considering the requirements of string stability, robust-
ness, and tracking performance, Gao et al. proposed an H
control method for a heterogeneous platoon with uncertain
dynamics and uniform time delays [42]. In this study, all
nodes were combined as a big system. One disadvantage
is that the designed controller only works for a specific
platoon and it needs to be redesigned when the scale or
interaction topology changes. Similar to the case of linear
control, the decoupling strategy of robust control is also
an effective way to overcome this problem. This strategy is
motivated by the eigenvalue decomposition of £+ %, and
can balance the performances of robustness and distur-
bance attenuation. As shown in Fig. 3, the coupling arising
from information topology can be successfully transferred
to the uncertain parts of nodes 4 by applying a linear trans-
formation to the platoon.

In Fig. 3, the dynamics of a platoon in frequency domain
are derived by adding the model uncertainties to (5):

B =2 )+ L) tpa(s)- 11,
Z(s)=Q(s)P(s)U(s), W(s) = 4Z(s), a7)
ei(s) pi(s)=po(s)—dio/s 1
where E(s)=| : |= : L Av =],
en(s)]l Lpn(s)=po(s)—dno/s 1
dio
o= , 4=diag(Ai,...,Ay) is the normalized model
dnyo

uncertainty satisfying [A;|. < 1;Q(s) is its weighting
function; /(s) is the disturbance arising from 4,
whose input is Z(s). Note that this model (17) includes
additional uncertainty part A; compared to the 3rd-order
state space model (4). The CD policy is used here. Each

node is controlled by the distributed state-feedback con-
trol logic (12). Here, we present its expression in frequen-
cy domain:

U(s)=K(s)(L+P)E(s), (18)

where K(s)=ky+ kos + kqs®. The nodes are interacting
by the information topology £ + . For undirected topolo-
gies, £+ % has an eigenvalue decomposition as

L+ P =Vdiag(Ai,...,An)¥". 19)
where A; is the eigenvalue of £+ %, and ¥ is the eigenvector

matrix of £+ %. Using the linear transformation in Fig. 3,
the certain parts are then decoupled to a diagonal structure:

E(s)= %U(S)H%W(s)— p 1Npo(s)—%r‘o,
U(s) = K(s) diag(As, ..., An)E(s),
Z(s)=Q(s)P(s)U(s), W(s)= AZ(s). (20)

The variables in (20) are linear transformation of its
original counterparts:

Z(s$)=¥"Z(s), Us)=¥'U(s),
E(s)=Y"'E(s), W(s)=¥"'"W(s),
Fo=¥'To, A=Y 4¥. @1)

Based on (20), the synthesis approach of H. control can
be used to numerically solve K(s) offline, which ensures
the requirements of robustness and disturbance.

C. Distributed Sliding Mode Control

The sliding mode control (SMC) is a promising method for
platooning of multiple vehicles to handle nonlinear dynamics
and actuator saturations. In [27], an
adaptive SMC was proposed for equi-

f

W(s) Z(s) P'W(s)
diag(Ay, ..., Ay) €

Linear
Transformation

iy 4

1 librium-stable interconnected systems
v1Z(s) to guarantee string stability. In this
study, however, applicable topologies
are limited to unidirectional topolo-
gies, where one node can only obtain

{H(s), Q(s)}

Y Y
Y Y

{H(s), Q(s)}

the information from its predeces-
o sors. In [64], an urban scenario pla-

toon control method was introduced

K(s) (L+P) €

Ki(s)-diag(24, . . .

with two basic modes: cruise mode
and collision avoidance mode.

s Ap) €

Coupled

Decoupled

v'E . . ) .
(s) In this section, we introduce a dis-

tributed SMC scheme for platoons
J with homogeneous linear dynamics

FIG 3 Decoupling of vehicular platoon systems.
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(4) and undirected (symmetric) [FTs.
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If there exists a spanning tree in Gy+1 and information flow
between followers is undirected, £ + % is positive definite
[22]. The design of distributed SMC is divided into two stag-
es, i.e., 1) topological sliding surface design and 2) to-
pological reaching law design. The design of sliding surface
and reaching law highly depends on the following topological
structured function:

N
Ti(Z)= . ai(zi—z;)+pizi,
=T

i

where Z 2 [z4, 22, ..., 2n], I, j € N, a; and P; are elements
of the adjacency matrix and pinning matrix. Using topo-
logical structured function, the distributed sliding sur-
face is designed as

si(t)=Ti(chX)—pichx,

N
= Y ay(cpri—cha)) +pilcrxi—cra,),
=TT 4

where chX = ch[x1, X, ..., xn] and ¢, € R**" is the com-
mon vector coefficient of distributed sliding mode, satisfy-
ing that ¢#B; is invertible. Note that (4) is a single input
model, and the invertibility of ¢fB; means that cpB; is a
nonzero constant. The topological sliding surface for the
whole system is defined as

St ch(zi—20)

Sz|i|=(L+P)

SN ch(xn—20)

The topological reaching law is designed by substitut-
ing —As; to topological structured function

N

$i = F[(—/’I,Si) =— ( z a,-,-(s,- — S,‘) +pis,->,

J=1j#i

where A > 0 is the common coefficient for the distributed re-
aching law. The topological reaching law for the whole system is

S(t)=—ML+P)S.

Comparing the derivative of sliding error and reaching
law, we can cancel £ + % if it is positive definite,

(L+P)[ch (21—&0),...,ch(&n—0)] == AL +P)S.
(22)

The positive definiteness of £+ % is essential since it
guarantees the cancellation. Then, we have
C%VA,'.Z‘,‘ + cZ'Biu,- = —As. (25)

The control law is obtained by solving the upper equa-
tion. The stability proof of distributed SMC is also divided
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into two parts, i.e., reaching phase analysis and sliding
phase analysis. The stability of the reaching phase is ana-
lyzed with respect to the whole platoon by choosing a Ly-
apunov candidate

V(1) =58"(L+P)"s. (24)

By taking the derivative of Lyapunov function, it can be
shown that sliding surface is reached asymptotically. Dur-
ing the sliding phase, a proper selection of ¢, is necessary
to achieve stable sliding dynamics. Details can be found
in [46].

D. Distributed Model Predictive Control

Model predictive control (MPC) is an optimization-based
control technique to anticipate future behavior of plants
and take control actions accordingly. Using MPC tech-
niques, the control input is obtained by numerically opti-
mizing a finite horizon optimal control problem where both
nonlinearity and constraints can be explicitly handled.
This technique has been embraced by many industrial ap-
plications, for instance, collision avoidance and vehicle sta-
bility [29], [60].

Currently, most MPCs are implemented in a centralized
way, where all the control inputs are computed by assum-
ing all the states are known. When considering a platoon
system involving multiple vehicles, the centralized imple-
mentation is not suitable due to the challenges of gathering
the information of all vehicles and solving a large-scale
optimization problem. Most existing work for platoon con-
trol relies on the problem formulation of adaptive cruise
control (ACC) [61], [62], which only involves two vehicles
in the problem formulation. There exist some extensions to
the cooperative ACC which considers multiple vehicles [2],
[19]. The treatments in [2] and [19], however, also directly
consider two consecutive vehicles in the problem formula-
tion, which are only applicable to limited types of commu-
nication topologies.

Here, a synthesis method of distributed MPC is pre-
sented for a heterogeneous platoon, where each vehicle is
assigned a local optimal control problem only relying on
its neighboring vehicles’ information [21]. This method is
suitable for any type of IFTs, and the asymptotical stability
of the closed-loop platoon system can be derived for unidi-
rectional topologies [21]. The discrete version of nonlinear
equations (1) are used to model the longitudinal dynamics
of each vehicle, i.e.,

xi(t+1)=¢i(xi(t))+yi-wi(t),
yi(t)=yai(t) (25)

100

Jp— A T 3%x1 _
where y;= [0,0,(1/7) At]' e R**!, y= 010

]E R2x3’
¢i(x;) € R**! is defined as
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si(t) +vi(t) At

Al (i
AL { B0 - Case () - mnis )|

pi=|vi() +
HORESHOM;

Now, we define the local open-loop optimal control prob-
lem for each node i:
Problem i Forie{1,2,..., N} at time ¢

Ji(y?,uf, yi, y%)

min
uf (01t),....u; (Np=1]t)

Np—1
= S u(or (klo,ul (k1eyt (kle,y% (k1) (26)
k=0
subject to

af (k+10t)=¢i(@f (k|0)+yi-uf (kt),
yi (k) =y -2i (k), 27 (0]t) = 2:(1), ui (k|t) € U,

YN 0= SN |0+ ),

jel

T7 (Np|t) = hi(v] (N, |1)), 27)

where [u?(0]1),...,u? (N,—1|f)] denotes the unknown
variables, /V, is the predictive time horizon, U; denotes
the convex set of input constraints, |I;| is the cardinality of
Ii, and d;; =[di;,0]" denotes the desired distance vector
between i and j, the function /; in (26) is the cost associ-
ated with node i, y{ (% |t) is the assumed trajectory of node
i,and y% (k|t) is the assumed trajectory of the neighbors.

The formulation of problem F; only needs the informa-
tion from its neighbors, and thus it is suitable for various
communication topologies, including all of those shown
in Fig. 2. The key idea in the design of each local optimal
control problem J; is to construct and transmit assumed
trajectories: each vehicle solves a local optimal control
problem to obtain its own control input, and then sends its
assumed output trajectory to its neighbors. Here, the as-
sumed variable is a shifted optimal result of the last-step
problem F;, synthesized by disposing the first value and
adding a last value. The last added value ensures that the
vehicle moves at a constant speed. Details of this design
and the asymptotical stability of the closed-loop system can
be found in [21].

V. Conclusion

This paper has presented a four-component framework
to model, analyze, and synthesize a platoon of CAVs from
the perspective of multi-agent consensus control. This
framework is well-suited for designing distributed con-
trol schemes of CAV platooning. With the four-component
framework, this paper has introduced the modeling tech-
niques, discussed the major performance metrics, and pre-
sented the design of four types of distributed controllers.
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There are some open questions, especially considering
the emerging V2V and V21 communications. Two of them
are briefly discussed here: 1) How to analyze and synthe-
size a platoon in a systematic fashion, considering the non-
linearity of node dynamics, the variety of topologies, and
the need for low-cost controllers? Most existing work only
considers simplified models and specific topologies for
controller synthesis. Communication issues, such as time
delays, quantization errors, and packet loss pose a signifi-
cant challenge to platoon control as well. 2) How to balance
different performance metrics in platoon control when
considering practical requirements from highway opera-
tions? The balance of stability (e.g., internal stability and
stability margin) and robustness (e.g., string stability and
coherence behavior) for a platoon is attracting research
interest. The ultimate objectives of platooning are to en-
hance highway safety, improve traffic utility, and reduce
fuel consumption. How to explicitly take practical perfor-
mance requirements into account is rather challenging for
platoon control.
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