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Hierarchical Control for Vehicle Platoons With
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Model Predictive Control
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Abstract—In this paper, a hierarchical control scheme, includ-
ing a decision-making layer and a control layer, is proposed for
vehicle platoons executing vehicle-following, cut-in, and cut-out
maneuvers. Based on a finite-state machine, the decision-making
layer is designed to ensure collision avoidance for vehicle pla-
toons. In the control layer, a distributed model predictive control
strategy is employed in the outer-loop to generate a reference
sequence, where a linear parameter-varying kinematic model is
established to account for the coupling of the vehicle platoon.
Incremental constraints are designed to ensure bumpless transfer
control during phase switching. By selecting the sum of local cost
functions as a Lyapunov candidate, the asymptotic consensus
of the vehicle platoon is proven. Furthermore, considering the
coupled longitudinal and lateral dynamics of vehicles, in the
inner-loop, a nonlinear model predictive control strategy is
proposed to track the reference sequence. The effectiveness of the
hierarchical control scheme is validated through co-simulation
using MATLAB and TruckSim.

Index Terms—Hierarchical control, vehicle platoon, cut-in and
cut-out maneuver, model predictive control.

NOMENCLATURE
Vy Longitudinal velocity.
Vy Lateral velocity.
0% Yaw rate.
@ Heading angle.
I Yaw moment of inertia.
m Vehicle mass.
Fyr Lateral force of the front tire.
Fy, Lateral force of the rear tire.
Iy Distance from the center of gravity to the

front axle.
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I, Distance from the center of gravity to the
rear axle.

ar Sideslip angle of the front tire.

a, Sideslip angle of the rear tire.

F, Desired longitudinal force.

Or Front wheel steering angle.

h Prediction horizon of the outer-loop.

T Sampling period of the outer-loop.

h Prediction horizon of the inner-loop.

T Sampling period of the inner-loop.

Dx Longitudinal displacement.

Dy Lateral displacement.

I. INTRODUCTION

EHICLE platoons are rapidly developing in intelligent
Vtransportation systems, which have benefits for improv-
ing safety and traffic efficiency, and reducing fuel consumption
[1], [2]. As presented in [3], a review analyzes the impacts of
vehicle platooning on traffic systems.

The vehicle platoon consists of vehicle-following, cut-in,
and cut-out maneuvers, as shown in Fig. 1. An essential
objective of the vehicle platoon is to maintain a desired inter-
vehicle spacing with dynamic cut-in or cut-out vehicles.

A. Literature Review

Considering only the vehicle-following maneuver of vehi-
cle platoons, some studies have been developed. In general,
vehicle platoons consist of vehicle models, communication
topologies, inter-vehicle spacing policies, and controllers [4].
Controllers can be categorized into centralized and distributed
[5]. However, centralized control methods cannot guarantee
driving safety due to high packet-drop rates and high compu-
tational load [6]. Distributed control methods, which use only
information from neighboring vehicles, can collaboratively
manage vehicle platoons. With a predecessor-following com-
munication topology and a symmetric bidirectional communi-
cation topology, a distributed proportional-integral-derivative
(PID) controller is proposed in [7], in which consensus of
vehicle platoons is established. Furthermore, it concludes that
the convergence rate of the states of vehicles in the platoon
with a predecessor-following topology is faster than that of
the symmetric bidirectional topology. In [8], a distributed
backstepping controller is proposed to ensure string stability
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TABLE I
CUT-IN/CUT-OUT MANEUVER LITERATURE

Decision-making Layer Single-vehicle

[21]-23]

Multi-vehicle

[24], [25], [26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41], [42], [43], [44]

Longitudinal Control

[24], [25], [26], [27], [31], [32], [34], [35], [36], [37], [39], [40]

Manipulation Layer Longitudinal and Lateral Control

[28], [29], [30], [42], [44]

Asymptotic consensus

[24], [26], [27], [28], [29], [34], [42], [44]

Performance — -
Collision avoidance

[24], [26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [42], [43]

70 %D

L7 -

(b) cut-out maneuver

Fig. 1. Vehicle platoons with cut-in/cut-out maneuvers.

of the vehicle platoon. Asymptotic consensus is emphasized
in vehicle platoons, i.e., the state of the following vehicles
converges to that of the leading vehicle. In [9], a distributed
PID controller is proposed to guarantee asymptotic consensus
of vehicle platoons under fixed or switching communication
topologies. Considering vehicle uncertainties, a distributed
sliding mode controller and a distributed adaptive triple-
step nonlinear controller are proposed to ensure asymptotic
consensus of vehicle platoons in [10] and [11], respectively.
However, it is pointed out that controllers designed by ignoring
the nonlinear dynamics and constraints of vehicles may cause
instability and unsafety in vehicle platoons [12].

Therefore, distributed model predictive control (DMPC) has
been extensively developed for the vehicle-following maneu-
ver of vehicle platoons, due to its advantages in effectively
handling constraints and nonlinear dynamics of vehicles [13].
In [14], a review of the application of DMPC to vehi-
cle platoons is presented, focusing on ensuring longitudinal
asymptotic consensus and string stability. Considering colli-
sion avoidance constraints, a DMPC method is designed for
heterogeneous vehicle platoons in [4], where a cost function
is designed to penalize errors between predicted and assumed
trajectories. Additionally, a terminal equality constraint is
designed to ensure asymptotic consensus of vehicle platoons.
Considering nonlinear longitudinal vehicle dynamics, a DMPC
method is proposed in [15], which guarantees asymptotic
consensus and string stability of vehicle platoons. Further-
more, DMPC based on the Koopman operator is designed
in [16] to deal with nonlinear vehicle dynamics. For the
vehicle-following maneuver on curved roads, DMPC is pro-
posed for vehicle platoons to ensure asymptotic consensus in
[17] and [18], where a coupled longitudinal and lateral vehicle
dynamic model is adopted. However, the above research has
only focused on the vehicle-following maneuver of vehicle
platoons.

Cut-in and cut-out maneuvers of vehicle platoons have
gained significant attention in merging and splitting scenarios
[19]. A review of the research on vehicle platoons, considering
not only the vehicle-following maneuver but also the cut-
in and cut-out maneuvers, is presented in [20]. Here, some
representative studies are presented in Table I and organized
according to a hierarchical framework: a decision-making
layer and a manipulation layer. The decision-making layer
determines maneuvers for each vehicle. In the manipula-
tion layer, vehicle controllers are designed to execute the
maneuvers, which translate the high-level decisions into pre-
cise actions of the vehicles, such as throttling, braking, and
steering.

The decision-making layer can be categorized into single-
vehicle methods and multi-vehicle methods. Single-vehicle
methods focus solely on making decisions for the cut-in or cut-
out vehicle, ignoring the cooperative control among vehicles
within the platoon [21], [22], [23]. However, such methods
cannot guarantee the asymptotic consensus of vehicle platoons.

For multi-vehicle methods, the decision-making layer
makes decisions for all vehicles. Considering only the cut-
in maneuver, longitudinal control methods are proposed in the
manipulation layers in [24], [25], [26], and [27]. Consider-
ing longitudinal and lateral control of vehicles, a distributed
PID controller is developed for the cut-in maneuver in
[28] and [29], where asymptotic consensus and collision
avoidance are guaranteed. Considering the vehicle-following,
cut-in, and cut-out maneuver, reinforcement learning-based
decision-making layers are designed to make decisions for
each vehicle in [30], [31], [32], and [33]. However, it may
result in collisions between vehicles, due to the limitations
in handling high-dimensional data and the risk of overfitting.
Furthermore, receding horizon optimization-based decision-
making layers are developed in [34], [35], [36], and [37].
A hierarchical control scheme is proposed in [34], where an
optimization problem is formulated in the decision-making
layer to calculate the global optimal sequence of vehicles,
and a longitudinal sliding mode controller is developed in the
manipulation layer. In [35], the A* algorithm is adopted to
determine the optimal sequence of vehicles in the decision-
making layer. Then, a longitudinal trajectory planner and a
tracking controller are designed in manipulation layer. Con-
sidering driving comfort and traffic efficiency, an optimization
problem is formulated to determine the optimal cut-in position
in the decision-making layer, and a longitudinal distributed
PID controller is adopted in the manipulation layer [36]. In
[37], taking into account fuel consumption, driving comfort,
and traffic efficiency for the cut-in maneuver, an optimization
problem is presented. However, the above studies based on the

Authorized licensed use limited to: JILIN UNIVERSITY. Downloaded on August 21,2026 at 11:31:52 UTC from IEEE Xplore. Restrictions apply.



LI et al.: HIERARCHICAL CONTROL FOR VEHICLE PLATOONS WITH CUT-IN/CUT-OUT MANEUVERS VIA DMPC

receding horizon optimization are computationally complex
and ignore the lateral control of vehicles. In [38], a global
motion planning framework for vehicle platoons is proposed
based on a kinematic model, which accounts for optimal
lane-change timing and motion energy for each vehicle. How-
ever, considering the nonlinear dynamics, the computational
complexity increases significantly. Additionally, asymptotic
consensus is not guaranteed within this framework.

Rule-based decision-making layers are designed using
finite-state machines (FSMs), in which the cooperative control
process of vehicle platoons is divided into a finite num-
ber of phases to simplify controller design. Some studies
design decision-making layers based on FSMs while ignor-
ing longitudinal or lateral vehicle control [39], [40], [41].
When only the cut-in maneuver is considered, an FSM that
includes vehicle-following and cut-in phases is proposed as
the decision-making layer [39], while a longitudinal DMPC
is designed in the manipulation layer. In [40], two FSMs
are proposed for the cut-in and cut-out maneuvers, respec-
tively, while longitudinal and lateral vehicle control are not
discussed. In [41], an FSM is proposed not only for the cut-
in and cut-out maneuvers but also for autonomous emergency
braking, and vehicle control is not developed. Furthermore, an
FSM is designed for the cut-in maneuver of vehicle platoons
in the decision-making layer, while a DMPC based on a
vehicle kinematic model is developed for longitudinal and
lateral control in the manipulation layer [42]. In [43], a
hierarchical FSM framework is proposed to standardize the
description of multiple maneuvers in vehicle platoons. In
[44], a hierarchical control scheme is developed, in which
an FSM incorporating following, merging, splitting, and lane-
changing maneuvers is proposed, and a nonsingular terminal
sliding-mode controller is designed to guarantee consensus.
However, bumpless transfer control for phase switching in
the FSM is not addressed. In [45], an excellent hybrid MPC
framework is proposed based on the double-integrator vehi-
cle model for the cooperative longitudinal control problem
of accommodating simultaneous multi-vehicle cut-ins into a
vehicle platoon, where different optimization problems are
designed for the vehicle-following phase, spacing-preparation
phase, and restoration phase, respectively. Notably, it not only
ensures the feasibility and stability of the hybrid system during
switching between lane-changing and vehicle-following, but
also derives a lower bound on the lane-change time win-
dow via an MPC-based mixed-integer nonlinear programming
optimizer. Moreover, the proposed MPC-based mixed-integer
nonlinear programming optimizer ensures collision avoidance
by optimizing lane-change timing and spacing. However,
neglecting nonlinear vehicle dynamics introduces modeling
errors, which may degrade the control performance of truck
platooning systems.

B. Contributions and Organization

In this paper, a hierarchical control scheme comprising a
decision-making layer and a control layer is proposed for
vehicle-following, cut-in, and cut-out maneuvers of vehicle
platoons. The main contributions of this paper are as follows:
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First, existing DMPC approaches, including the longitudinal
controller and the coupled controller, typically adopt termi-
nal equality constraints to guarantee asymptotic consensus.
However, obtaining the exact optimal solution for an opti-
mization problem with equality constraints is difficult. This
paper relaxes the strict terminal equality constraint to a ter-
minal inequality constraint and demonstrates that asymptotic
consensus still holds.

Second, existing FSM-based approaches typically switch the
control law simultaneously with the driving phase, which may
destroy the vehicle driving stability. To address this issue, an
incremental control input constraint is introduced to ensure
bumpless transfer control of vehicles during phase transitions.
Additionally, it has been observed that calculating the terminal
ingredients considering not only the incremental constraint
but also both state and input constraints is still a challenge.
To overcome this, a PLDI-based method for calculating the
terminal ingredients of vehicle platoons is proposed.

Last, considering the complex models of the vehicle platoon,
i.e., the coupled longitudinal and lateral vehicle dynamics and
kinematics, it is challenging to design a cooperative control
method that ensures driving safety and asymptotic consensus.
A hierarchical control method that not only handles these
complex models but also facilitates real-world implementation
is proposed.

The subsequent sections of this paper are structured as
follows. Section II presents the problem setup. Section III
introduces the decision-making layer. Section IV designs the
control layer. Section V demonstrates the effectiveness of the
proposed scheme through co-simulation. Finally, Section VI
concludes this paper.

C. Notations

Let N, Z*, and R denote the sets of non-negative integers,
positive integers, and real numbers, respectively. For any a, b €
Zt, Z[Jz’b] represents the set {z € Z* |a <z < b}. For a vector
x € R, n € Z*, the symbol ||x|| denotes its Euclidean norm,
and ||xllp = +/xTQx, where Q € R"*" is positive semi-definite
and the superscript T denotes its transpose. Furthermore, x"**
and x™" represent the maximum and minimum elements of
x, respectively. The symbol Ax (k) = x(k) — x(k — 1), where
k is the time instant. For a matrix W, the inequality W > 0
indicates that W is positive semi-definite. Given matrices x;,
i =1,....,n,n € Z%, diag (x1,...,x,) is a diagonal matrix
with diagonal elements x; to x,. 0 denotes a zero matrix of
appropriate dimensions. I, € R**",n € Z% is an n-dimensional
identity matrix. The symbol * signifies the transpose of a
matrix block located symmetrically within the matrix. Within
the framework of MPC, the term f| k refers to the 7-th predic-
tion time instant, starting from the current time instant k.

II. PROBLEM SETUP

The vehicle-following, cut-in, and cut-out maneuvers of
vehicle platoons are considered in this paper. A vehicle platoon
consists of a leading vehicle (indexed by V;), and N following
vehicles (indexed from V; to Vy). In Fig. la, vehicle V,
cuts into the vehicle platoon. In Fig. 1b, vehicle V, cuts
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out of the vehicle platoon. Then, a new platoon is formed,
where all vehicles execute the vehicle-following maneuver.
Note that vehicle V is human-driven, and the cut-in or cut-out
maneuvers are generally executed on a straight road.

A. Communication Topologies

Communication topologies include the predecessor-
following, predecessor-leader-following, and two-predecessor-
following types. The communication topology can be
described by a directed graph G = ({V,E}, where
V = {l1,...,N} is the set of following vehicles and
E € V x V is the set of edges representing communication
links [46]. The communication matrix of the vehicle platoon
is defined as A = [a; ;] € RY*V, where each entry g; ; is given
by
if{i,j} € E
if{i, j} ¢ E

a;j = 1

! (1)

aj = 0

Here, (i, j) € E indicates that vehicle V; sends information

to vehicle V;. In this paper, the predecessor-following commu-
nication topology is adopted.

B. Coupled Longitudinal and Lateral Vehicle Dynamics

A three-degree-of-freedom vehicle model, including longi-
tudinal, lateral, and yaw motions, is presented as follows:

) Fyi
Vi = VyiYi + m’ (2a)
Fyri+ Fy
Py = =y + 2L p. S (2b)
[;F, i — LFy;
;= fUyfii r )r,l. (2C)
I

In (2b) and (2c), lateral forces of the tires are described
using the Magic Formula as follows:

Fypi = =Dy sin (Cyy arctan (Byray;
= Eyy (Bysary; — arctan (Byray,)))) 3)
and
Fy,; = =Dy, sin (Cy, arctan (By,a;
- E\, (Bya,; — arctan (By,,,)))) , “4)

where By, Cyr, Dyr, and E,; are constant coefficients of the
front tire; By, Cy,, Dy, and E,, are the constant coefficients
of the rear tire.

In (3) and (4), the sideslip angles of the tires are defined as

Vy.i + lfyl
Vx,i

_ Lyi = vy,
;= ——=.
Vi

ap; =0~ , (52)

(5b)

Then, discrete-time nonlinear dynamics of the vehicles is
described as follows:

Ei(k+ 1) = f (X (k) , it; (k) , (6)

u T . N T .
where x; = [vx,,«,vy,,-,y,«] is the state and i; = [Fx’i,éf’i] is
the control input.
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ll
12
13
Fig. 2. Lateral vehicle kinematics.
The constraint of the control input #; is
N Frmin < Fo < Fax
N N PN 2 i = Txi = :
U; eU = %M,‘ eR (S;'}il;' < 6f,[ < 6?5;; , (7)

and the constraint of the state X; is
min max
N 5 Vx,i. < Vi < vx,i
4 - PN min . max
XeX =4%€eR Vi S vy SV . ®)
min max
Vi SVi v

C. Inter-Vehicle Spacing Strategy

In general, either a constant inter-vehicle spacing policy or
a constant time headway policy is adopted in vehicle platoons.
The desired distance between vehicle i and its preceding
vehicle j can be defined as

dges = (i = ])dO 9
under the constant spacing policy, or as

ddes = Thvx,i + (l - J)dO (10)

under the constant time headway policy. Here, dy is a pre-
defined constant spacing, and T, denotes the constant time
headway.

D. Vehicle Kinematics

The lateral vehicle kinematics are shown in Fig. 2, where
the road centerlines are denoted as /;, I, and I3, respectively.

The lateral displacement error between vehicle V; and the
centerline [; is

(1)

where p,; is the lateral displacement of vehicle V;, pgf is the
lateral position of the centerline I;, d € {1,2,...,nr}, and nr
represents the number of centerlines.

Thus, lateral vehicle kinematics can be described as

la _ . lq
€yi = DPyi— Dy>

éﬁi = Vyi€pi — Vyis (12a)
égz,i = Qbi,des - (;bi’ (12b)

where ¢; 4.5 is the desired heading angle, and ¢; = v; is the
yaw rate.

Authorized licensed use limited to: JILIN UNIVERSITY. Downloaded on August 21,2026 at 11:31:52 UTC from IEEE Xplore. Restrictions apply.



LI et al.: HIERARCHICAL CONTROL FOR VEHICLE PLATOONS WITH CUT-IN/CUT-OUT MANEUVERS VIA DMPC

Then, (12) can be rewritten as

(13a)
(13b)

Sa o _
€yi = Vxi€pi — Vy,is
égo,i = Yides — Vi»

where i ges = Vxi / R is the desired yaw rate and R is the road
radius. Note that 1/R = 0 while the vehicle drives on a straight
road.

The longitudinal displacement error between vehicle V; and
the desired preceding vehicle V; is

€xi = Px,j — Pxi— (l - ]) ddex- (14)

Thus, by combining (13) and (14), the vehicle kinematic
model is formulated as follows [47]:

éx,i = Vy,j-1 — Vaxis (153)
N
ey”fi = Vyi€pi = Vyis (15b)
pi = Vides — Vi (15¢)
Denote states and control inputs of the vehicle model (15)
T
T .
by x; = [ex,i,e;fi,e¢,i] and u; = [ullulzu?] , respectively,
where |
U = Vyi-1 Vi
u,z =y, (16)
M? = Yides — Vi-

Then, a discrete linear parameter-varying (LPV) model is
developed as

xi (k+1) = A; (vii) x; (k) + Bju; (k), (17)
where
1 0 0 T] 0 0
Ai (Vx,i) =10 1 T1Vxi | > Bi = 0 —-T1 0
0 O 1 0 0 T

Note that A; is with respect to v,; € [vﬁ",vﬁ?*] according
to (8). Thus, A; (v.;) lies within a convex hull of matrices,
ie.,

A; (vy;) € Co {AP™ AT} (18)

where Co{-} denotes a convex hull of matrices, Af””’ corre-
sponds to vy; = v;’fi:”, and A7"** corresponds to vy; = Vi
Note that the system (17) is controllable if the sampling time
T > 0.

Remark 1: Inter-vehicle spacing policies include the con-
stant spacing, constant time headway, and variable time
headway methods [48]. Determining the optimal inter-vehicle

spacing policy is beyond the scope of this paper.

E. Hierarchical Control

As shown in Fig. 3, the hierarchical control scheme of
vehicle platoons consists of the decision-making layer and
the control layer. In the decision-making layer, an FSM is
developed, including the vehicle-following, gap-generation,
and lane-changing phases. It outputs the decisions on the
desired preceding vehicle and centerline for each vehicle,
that is, the communication matrix A of the vehicle platoon
and the desired centerline d for each vehicle are defined in
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Decision-Making Layer |
«  Vehicle-following
* Gap-generation
+ Lane-changing

A Ide{l,l««-,n}

Distributed dual-loop control layer

*  Driving safety

*  Bumpless feature
* Tire nonlinearity
«  Coupled longitudinal and v, A

Vehicle Platoon

lateral dynamic model F..,0,,
*  Real-timei

Safety gap has been
generated

Fig. 4. Phase switching diagram of the FSM.

each phase, respectively. Then, in the control layer, DMPC
and NMPC are designed to output the control signals F;
and Jy;, where the driving safety, bumpless feature, tire
nonlinearity, coupled longitudinal and lateral dynamics, and
real-time implementation are considered.

Remark 2: In this paper, the problem of only a single vehicle
merging into or splitting from a platoon is considered. The case
of multiple vehicles merging into or splitting from a vehicle
platoon is beyond the scope of this paper.

III. DECISION-MAKING LAYER

The phase switching diagram of the FSM is shown in Fig. 4.
Details of each phase are described as follows.

A. Phases of the FSM

1) Vehicle-Following Phase: At the initial time instant k =
0, the vehicle platoon is in the vehicle-following phase. The
vehicles are denoted from Vj to Vy such that the following
inequality holds:

DPxi-1 2 Prini €{1,...,N}. (19)

In this phase, all vehicles are in the same lane. For the
communication matrix A, a;;-; = 1 for i € {1,2,...,N}, and
all other entries are zero. The desired centerlines of all vehicles
are aligned with those of the leading vehicle V.

2) Gap-Generation Phase: This phase aims to generate a
safety gap for cut-in or cut-out maneuvers. Once a safety gap
is generated, the vehicle platoon switches to the lane-changing
phase. Otherwise, the vehicle platoon remains in the gap-
generation phase. The desired preceding vehicles are defined
as follows:

e For the cut-in maneuver, the cut-in vehicle V, does not

send information to other vehicles. The lagging vehicle
V.41 follows the preceding vehicle V,._; to create a gap
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for the cut-in vehicle. In the communication matrix A,
a1 =1forie{l,2,...,N}\{c}, acy1.-1 =1, and all
other entries are zero.

e For the cut-out maneuver, the communication matrix A

remains unchanged, i.e., a;;_1 =1 for i € {1,2,..., N}.

Note that the actual safety gap is the desired inter-vehicle
spacing for the cut-in and cut-out maneuvers. The strategy is
that a vehicle platoon with the desired inter-vehicle spacing
has been formulated in the longitudinal direction prior to the
lane-changing phase.

In this phase, the cut-in or cut-out vehicle remains in
its initial lane, that is, the lane-changing has not yet been
executed.

3) Lane-Changing Phase: This phase involves the cut-
in vehicle merging into the platoon or the cut-out vehicle
splitting from it. The desired preceding vehicle and the desired
centerline are defined as follows:

e For the cut-in maneuvers, the communication matrix is

updated as a;;-; = 1 for i € {1,2,...,N}. The desired
centerline of vehicle V, is aligned with that of the vehicle

platoon.
e For the cut-out maneuvers, the communication matrix
remains unchanged, i.e., a;;-; = 1 for i € {1,2,...,N}.

The desired centerline of vehicle V. is adjusted to the
target lane.
Remark 3: Determining the optimal position and timing for
executing cut-in or cut-out maneuvers is beyond the scope of
this paper.

B. Phase Switching Conditions

The phase switching conditions are defined as follows.

1) From “Vehicle-Following” to “Gap-Generation”: If a
cut-in or cut-out command is issued to the vehicle platoon,
the vehicle platoon switches to the gap-generation phase. Oth-
erwise, the vehicle platoon remains in the vehicle-following
phase.

2) From “Gap-Generation” to “Lane-Changing”: The
vehicle platoon switches to the lane-changing phase from the
gap-generation phase if the state x; satisfies the following
constraints:

la

ey,i

x; €Ci = {x,- eR? “ex,,»| <ej, (20)

< ej} ,
where both e} and e are small positive constants. This
indicates that the longitudinal and lateral control objectives
have been accomplished if the tracking errors are sufficiently
small.

3) From “Lane Changing” to “Vehicle-Following”: If the
cut-in or cut-out vehicle reaches the target lane, i.e., when
the switching condition (20) is satisfied, the vehicle platoon
switches to the vehicle-following phase.

IV. CONTROL LAYER

As shown in Fig. 5, the outer-loop controller is designed
to generate the reference sequence ¢;, using the vehicle
kinematics as the prediction model. The inner-loop controller
is designed to generate the control signals F,; and ¢; for
each vehicle, based on the coupled longitudinal and lateral

IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 27, NO. 6, JUNE 2026

System states of vehicle
kinematic model . T g
k 7 e

Outer-loop Controller  Short horizon & Large sampling time
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System states of vehicle Inner-loop Controller Long horizon & Small sampling time

dynamic model Control Signals

Receding
Horizon

k k+h
DAL e

A

Fig. 5. Distributed dual-loop control layer.

Lane-keeping Lane-changing

e}‘mux (ll) { l‘z
I ll ey,mm (ZZ )-<

€, (1)
€, min ([1)

Fig. 6. Constraints of lateral displacement error.

vehicle dynamics. Typically, both the prediction horizon and
the sampling time of the outer-loop are larger than those of the
inner-loop to ensure computational efficiency. Consequently,
the prediction horizons satisfy & > /1, and the sampling times
satisfy 7; > 1.

A. Outer-Loop Controller

In this section, DMPC is designed to generate the desired
longitudinal velocity, lateral velocity, and yaw rate in the outer-
loop. To achieve asymptotic consensus of the vehicle platoon
and ensure real-time implementation of the proposed DMPC,
an efficient method is formulated.

1) Control Objective: The control objectives of vehicle V;
are to follow the desired preceding vehicle V; and track the
desired centerline [;, that is,

klim ei(k)=0,

lim el (k) =0, 1)

lim (k) =0,

where i € {1,2,--- ,N}.

For the collision avoidance with the preceding vehicle, the

longitudinal displacement error has

ex > e, (22)
where e?’in = Usafe — do. Here, dsufe = dprare — (i = ])dO
represents the minimum safe inter-vehicle spacing, and dpqre
is the braking distance.

While the gaps between the cut-in vehicle V. and its
preceding vehicle V.|, and between the cut-in vehicle V,
and its following vehicle V., satisfy x; € C;, the vehi-
cle platoon switches from the lane-changing phase to the

vehicle-following phase. The longitudinal displacement error
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is smaller than dy 4 2e]. Thus, the maximum longitudinal
displacement error is set to € = dp + 2ey.

Furthermore, as shown in Fig. 6, the constraint on the lateral
displacement error of the vehicle is defined with respect to
the centerlines. Therefore, the constraint to prevent the lateral
displacement error from exceeding the road boundaries is as
follows:

(23)

ert (lg) < €t (k) < &) (1),

where e;'ff”(ld) and e)""*(ly) are the minimum and maximum
lateral displacement errors with respect to the desired center-
line I;, respectively.

By (22) and (23), the state constraint set can be reformulated

as
K= { e R U) < i <X ()}, (24)
where A ‘ ' -
X (1g) = [, et (L) , e
and

T
X (1) = [, et (1) e

x,i

Furthermore, the switching condition (20) should satisfy

Cic A (25

Considering the trackability of the reference sequence, the
constraints on the control input are defined as

U = {u; € R |ul™ < uy < ul"™ . (26)

To guarantee smooth actions of vehicles, i.e., bumpless
transfer control for phase switching, the admissible set of input
increment Au; (k) is defined as

AU; = {Au; € R |Au™ < Au; < Au" } . 27)

Note that the admissible set of input increments can be
selected based on the maximum and minimum values of
the longitudinal acceleration, lateral acceleration, and jerk of
vehicles.

2) Distributed Model Predictive Control: The optimization
problem for vehicle V; at time instant k can be expressed as
follows:

Problem 1

minimize J; (k) (28)

subject to: x; (0|k) = x; (k), (29a)
ui (=11k) =u; (k-1), (29b)

6 (14 11k) = Ap (vei (0) x; (1 k) + Biugg (1K) ,

(29¢)

xi(t+1lk) € X (k), (29d)

ui (tlk) € Ui, (29)

Au; (tlk) € AU, t € Z[J[h_u (29f)

kixi (hlk) —u; (h—1]k) € AU, (29g)

xi(hlk) € Q, (29h)

where the term J; is the cost function, i.e.,

h-1

Ji (k) = ZL(xi(lIk),ui(tlk))+F(xi(hlk)), (30)

=0
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In (30), the term L is the stage cost function, i.e.,
L (x; (k) u; (k) = |Ix; (OIIG, + i (IR, - (31)

In (30) and (31), both Q; and R; represent positive definite
weight matrices, F (x; (hlk)) = l|lx;(h|k)|lp, is the terminal
penalty function, P; is the terminal penalty matrix, and €;
is a terminal positive invariant set.

Define the optimal solution of Problem 1 by

u; (k) = {u;‘(0|k)...u;‘(h—1|k)}. (32)
Then, by (16), the reference sequence is derived as
(k) = [V (k) v (k) (0]
Vy,i-1 -1 0 O
= 0 +{ 0 1 0 |u;(tk) (33)
Yides 0 0 -1
where V', v)’ and y" are the reference longitudinal velocity,

lateral velocity, and yaw rate, respectively. The term u; (¢ | k)
is obtained using the linear interpolation method on (32).

Note that, due to the controllability of the pair (4; (vs,) , B;),
there exists a terminal control law «; and a positive definite
matrix P; satisfying the following inequality [49]:

(Ai (vei) + BiKi)TPi (Ai (vii) + Biki) — P

<-0;- KiTR,'K,'. (34)

Remark 4: For other traffic scenarios, only the FSMs in the
hierarchical control scheme need to be redesigned, which can
provide the desired preceding vehicle and road centerline for
each vehicle.

3) Terminal Ingredients: By solving the inequality (34), the
terminal penalty matrix and the terminal control law can be
obtained. Subsequently, using the Schur complement method,
a linear matrix inequality-based optimization problem can be
formulated as follows [18]:

Problem 2
ma);ignize (det (Yi))l/3 (35)
B Y; * * *
. A A;nin Yl' + BiS,' Y, * *
subject to: Y, 0 o' « >0, (36a)
i S; 0 0 R
B Y; * ok %
ATYYi + BiS; Y o+ %
Qiz Y, 0 I >0, (36b)
RfS i 0 01

where Y; is a symmetric positive definite matrix. Thus, the
terminal control gain is k; = S,;Y;!, the terminal penalty matrix
is =Yl
Remark 5: Problem 2 can be solved using the ‘mincx’
function from the MATLAB LMI Control Toolbox [50].
Then, the terminal positive invariant set €; can be defined
as
oixi+n; 20,
o; c R3X3,
n; € R, ,
j=1...,v,
vezZt

Q; ={xeR? (37)
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which satisfies the following conditions:

(Al) Q€ X/ (0,0)e X', de(1,2,...,nr);
(AZ) KiX; € Z/{,’, for all Xi (k) € Qta

(A3) ki (x! = x7) € AU, for all x},x7 € Q

(A4) (A, (Vx,i) + BiKi) x; € Q, for all x; (k) € Q,.

Note that in Problem 1, all of the constraints are linear.
Therefore, a standard quadratic programming problem is for-
mulated as shown in Appendix A.

4) Analysis of Asymptotic Consensus of Vehicle Platoons:
In the FSM, the cooperative process of the vehicle platoon
includes three phases. Theorem 1 demonstrates the recur-
sive feasibility of Problem 1 in each phase and proves that
vehicle V; can asymptotically follow its preceding vehicle
and track the desired centerline based on terminal condi-
tions. Subsequently, the asymptotic consensus of the vehicle
platoon during the vehicle-following maneuver is established
in Theorem 2.

Theorem 1: If Problem 1 is feasible at the time instant
k = ko, it is always feasible for k > ky. The states of system
(17) can converge to zero as k — oo, i.e., the vehicle V;
can asymptotically follow its preceding vehicle and track the
desired centerline.

Proof 1: See Appendix B.

Theorem 2: Suppose that Problem 1 has feasible solutions
at the initial time instant in the vehicle-following phase. Then,
the vehicle platoon achieves asymptotic consensus.

Proof 2: See Appendix C.

Remark 6: In this paper, only the predecessor-following
communication topology is considered. If vehicle V; can
receive predictive states from neighboring vehicles (denoted by
I1;), the proposed control scheme can also be extended to other
communication topologies. In such case, the cost function is
redefined in terms of neighboring vehicles, that is,

L (x; (k) u; (k) = |1x; (NI, + llu I,
2 a0 = W

Jel;

(38)

Note that the asymptotic consensus and recursive feasibility
always hold if the weighting matrices satisfy [18]

Q,’ZZF,-.

Jel;

B. Inner-Loop Controller

Taking into account the coupled longitudinal and lateral
dynamics, tire nonlinearity, and actuator saturation constraints,
NMPC is developed to track the reference sequence.

The control objective in the inner-loop is to find an admis-
sible control input &; such that [51]

lim |2, (0] =0, (39)
where
Xei (k) = % (k) = i (k). (40)

Furthermore, dynamics of the error system (40) can be
described as

Rei (k4 1) = g (R (), e (K)) (41)
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where the function g is parameter-dependent on (;, and the
control input #,; is an implicit function of #; and ¢;.
Then, a stage cost function is defined as follows:

£ (3ei (), s () = s B[,

where both I', and I', are weighting matrices.
To track the reference sequence, an optimization problem
for vehicle V; is formulated as follows: Problem 3

i 07 +

(42)

minimize J(%; (k) , Ady; (k)), (43)
az (k)

subject to: x; (t|k) = X; (k), (44a)
X+ 1k) = f&@lk),a; (tlk)), (44b)

%i(1k) € X, (44c)

i (11k) e U;, (44d)

ei (RIK) € Q, (44e)

where Q; = {% eR3|#T;% <1} is a terminal positive

invariant set, and I, is the terminal penalty matrix. The term
J is the cost function, i.e.,

h-1
J @), 0 (k) = ) L (Rei (1 4+ 1K), e (2 + 11K))
1=0
a (3 2
+ [ % (R D), - (45)
Define the optimal solution of Problem 3 by
a7 (k) = {a; (01k)...0; (h—1]k)}. (46)

The first element 47 (0 | k) of the optimal solution (46) is
sent to the vehicle at the time instant k. Then, Problem 3 is
solved at the next time instant k 4 1, repeatedly.

Lemma 1 ([51], Theorem I): Suppose that Problem 3 is
feasible at the initial time, then,

(a) Problem 3 is always feasible for all time instants.

(b) The vehicle state X; can track the reference sequence ¢,

asymptotically.

1) Terminal Set and Penalty Matrix: To calculate the
terminal ingredients, a method based on the PLDI is
adopted [51].

Firstly, define the control input #,; as

Furi(k Avii®)
L@y 252 4y () V) ()
Fypi(k)4-F\y, (k) Avy (k)

«f 2Oy, )
Ay (k)

™

flei (k) = 47

m
L FypiCk) =L Fyri(k)
SIS T ) +

Thus, there exists a set Zy such that the following condition

holds A
A A Xe,i
8 (Reis fle) € o [12 i| (48)

e,i

Considering that X; is compact, £y is bounded by a PLDI

3= {[A‘max’ B] , [A‘min, B]} , (49)
where B = diag (12,72, T2),
1 Tz,y;nax (k) 0
Amax - _Tz,y;nax (k) 1 0 , (50)
0 0 1
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and )
1 Ty (k) O

—ToyM (k) 1 0
0 0 1
Lemma 2 ([51], Theorem 1): There have a matrix T > 0
and a matrix Z € R3*3 such that, for all A € {Ami“,Ama"}, the
following linear matrix inequalities hold:

A = (51)

Ar+Bz+(Ar+B2)"  «  «
T -! * <0
z 0 -I;

Then, the terminal penalty matrix is I, = 1!

Algorithm 1 Hierarchical Control for the Vehicle Platoon

Offline:

Measure the state of each vehicle %;(0). Set x;(—1) =
X (0). Choose the weight matrices Q;, R;, 'y, and T,.
Choose the sampling times 7; and 7,. Calculate the
terminal ingredients by solving Problem 2. Define sets
Kpu 2 {71k |k € N} and k;, 2 {T2k |k € NJ.

Online:

1) Set k=0;

2) The decision-making layer determines the communication
topology of vehicle platoons and the desired road center-
lines for each vehicle;

3) Measure the states x; (k) and X; (k) at time instant k;

4) Update the state constraint X; (k);

5) if k € k,,, obtain the reference sequence by solving
Problem 1;

6) if k € k;,, obtain the solution by solving Problem 3;

7) The first control input &7 (0]k) is applied to vehicle V;;

8) Set k =k + 15, and go to Step 2.

Problem 3 can be solved by an efficient Newton-type
method with a look-up table in [52].

Remark 7: An integrated control method refers to designing
a controller that considers both the kinematics and dynamics
of vehicles simultaneously, which is computationally complex,
difficult to ensure asymptotic consensus of vehicle platoons.
Thus, the dual-loop controller is designed, with different
prediction horizons and sampling times in the outer-loop and
inner-loop, respectively.

Remark 8: NMPC is developed to track the reference
sequences of the outer-loop. Tracking errors may occur due
to vehicle uncertainties, such as parameter perturbation and
disturbance. Note that the recursive feasibility and asymptotic
consensus of the vehicle platoon hold due to the inherent
robustness of the NMPC while small uncertainties occur.

Remark 9: The NMPC without terminal constraints can also
achieve asymptotic convergence to the reference trajectory
if a suitable prediction horizon is selected [53], [54]. In
[52], the simulation results show that a longer prediction
horizon should be considered for trucks to asymptotically track
the reference trajectory, compared to an MPC with terminal
ingredients. However, long prediction horizon may result in a
larger computational burden.

Remark 10: The asymptotic consensus of a vehicle platoon
can be achieved using distributed sliding-mode controller [10],
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TABLE I
PARAMETERS OF THE TEST VEHICLE

Symbol Value Unit | Symbol Value Unit

m 1300 kg I 25 m

Iy 1.5 m 1, 130421.8 kg -m?
By 4.579 - Cy 15237 -

Dy 43226 - E} —3.6477  —

By 4.579 - Chr 1.5237 -

D, 100862 — E, —3.6477 —

TABLE III

PARAMETERS OF THE HIERARCHICAL CONTROL SCHEME

Symbol Value | Symbol Value

es 0.5m e 0.05 m

T1 0.5s T2 0.05 s

h 14 h 5

emaT 201 m erim  5m

emat  {2,4,6} eyt {-2,-4,-6}

em‘;‘” 0.5 rad egﬁ." —0.5 rad

umer  [25,2,0.5]7 uin [—-25,-2,-0.5]"

Aot [51,0.5]" Auin 25,1, -0.5]"

v 35 mfs v 10 m/s

vmeT 2 mfs oIt 2 mfs

™ 0.5 rad/s 4™ 0.5 rad/s

Fmaz 105600 N Fmin 211200 N

§Per 0.7 rad §pin —0.7 rad

Qi diag(1, 15, 20) R; diag(1,2,4)

T, diag(3 x 10%,5 x | Ty diag(1 x 107101 x
107,1.5 x 109) 1072,1.1 x 1079)

distributed triple-step controller [11], or distributed backstep-
ping controller [55]. In order to ensure the driving safety of
trucks, the inherent physical limitations of trucks (e.g., steering
system rate limits, engine/brake torque saturation) should be
imposed as hard constraints within the control framework
to guarantee that all generated commands are executable
in general. However, the above approaches can not handle
constraints effectively. Therefore, DMPC is adopted for vehicle
platoons due to its ability to handle constraints explicitly.
To achieve asymptotic consensus in the vehicle platoon,
terminal equality constraints are typically imposed in the
DMPC scheme; specifically, the terminal errors in inter-vehicle
spacing and longitudinal velocity are required to be zero [4],
[17]. Note that solving an optimization problem with terminal
equality constraints is difficult in general. In this paper, a
polyhedral terminal inequality constraint is imposed in the
DMPC scheme, which guarantees asymptotic consensus for
the vehicle platoon while reducing the conservatism of the
optimization problem.

V. SIMULATION

To evaluate the performance of the proposed hierarchical
control scheme, co-simulations are conducted using TruckSim
and MATLAB/Simulink. A light-duty truck with four tires on
the rear driving axle is used in the simulations, which has
a larger mass compared to passenger vehicles. Note that the
proposed scheme is not only effective for light-duty trucks
but also for vehicles with similar dynamics, such as passenger
cars and buses. The parameters of the vehicle are provided in
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Fig. 7. Reference sequence profiles of vehicle V| in Case 1.
Table II. Furthermore, the parameters of the decision-making

layer and control layer are shown in Table III, respectively.
Then, the terminal penalty matrix P; is

16.847 -3.045 -25.530
P, =| -3.045 67.143 192.074 |,
—25.530 192.074 1818.035
The terminal control gain K; is
-2.089 1343 15.790
k= 0.158 1.827  2.529
-0.009 -0.756 -9.302
The terminal penalty matrix I7, is
2.8292 x 107 * *
I, =] 3.0803 x 10° 2.6477 x 108 * . (52)

-5.1186 x 10° 3.3141 x 10® 7.5004 x 10®

A. Tests for the Proposed Outer-Loop Controller

To evaluate the performance of the DMPC in the outer-
loop, two simulation scenarios are presented. The proposed

(h) Lateral velocity increment.

(i) Yaw rate increment.

DMPC considering constraints on states, inputs, and input
increments is compared with a PID controller (Controller A)
[29] and a DMPC without input increment constraints
(Controller B) [18].

The simulation results are shown in Fig. 7 and Fig. 8§,
where the dash-dot black line, dashed blue line, and solid red
line represent the reference sequence profiles of Controller A,
Controller B, and the proposed DMPC, respectively. Note
that the dash-dot horizontal lines indicate the maximum or
minimum values. Furthermore, in Controller A, the yaw rate
profiles are not considered.

Remark 11: For Controller A, a second-order kinematic
model is adopted, which incorporates only the position and
velocity of the vehicle. Therefore, the yaw rate response is
excluded from the simulation results.

1) Case 1: The verification for the DMPC is implemented,
where the vehicle platoon consists of two vehicles (a leading
vehicle Vj and a following vehicle V;). The initial states of
the leading vehicle are v,((0) = 15m/s, p,p(0) = 95 m,
00 = 0 m, ppo(0) = 0 m, ¢y(0) 0 rad, and
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Fig. 8. Reference sequence profiles of vehicle V; in Case 2.

v0 (0) = Orad/s, respectively. Furthermore, the initial states of
the following vehicle are v,; (0) = 12m/s, p,; (0) = 70 m,
vy1(0) = =0.2m/s, p,;(0) = —0.8 m, ¢;(0) = 0.2 rad, and
v1(0) = —0.01rad/s, respectively. Thus, there are x; (0) =
[5,0.8,-0.2]" and u; (0) = [3,-0.2,0.01]".

As shown in Fig. 7a, Fig. 7b, and Fig. 7c, the longitudinal
displacement error, lateral displacement error, and heading
error of vehicles for all controllers converge to zero. For the
Controller B, it converges to zero rapidly, due to disregard the
input increment constraint. For the Controller A, the vehicle
states have not only the slowest convergence rate, but also
violate the constraints, as shown in Fig. 7a, Fig. 7d, and
Fig. 7g. However, the longitudinal velocity of vehicles for
both the Controller A and Controller B violates incremental
constraints, as shown in Fig. 7g. Therefore, the longitudinal
velocity profiles are not smooth, i.e., the bumpless transfer
control of phase switching of vehicles can not be guaranteed.
In summary, the proposed DMPC is effective in the outer-loop,
offering a feasible reference sequence for the inner-loop.

(h) Lateral velocity increment.

(i) Yaw rate increment.

2) Case 2: In this case, a larger inter-vehicle space is
adopted than that in Case 1. This results in a larger longi-
tudinal velocity increment under the same prediction horizon.
Thus, it can be verified whether the proposed controller can
effectively ensure the incremental constraints. The initial states
of the leading vehicle are v, (0) = 15m/s, p,o(0) = 95 m,
vy0(0) = Om/s, p,p(0) = 0 m, ¢y(0) 0 rad, and
0 (0) = O rad/s, respectively. Furthermore, the initial states
of the following vehicle are v,; (0) = 25 m/s, p,; (0) =40 m,
vy.1 (0) = =0.8 m/s, py;(0) = 0.7 m, ¢; (0) = 0.02 rad, and
v1(0) = 0.02 rad/s, respectively. Thus, there are x; (0) =
[35,-0.7,-0.02]" and u; (0) = [-10,-0.8,-0.02]T, respec-
tively.

As shown in Fig. 8a, Fig. 8b, and Fig. 8c, the state x; of
vehicle V| for all controllers converges to zero. In Fig. 8d,
both the Controller B and the proposed DMPC satisfy the
constraint of the longitudinal velocity of vehicles. However,
for Controller A, the longitudinal velocity of the vehicle vio-
lates the constraints and exhibits oscillations. Furthermore, as
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Fig. 9. Test results for the vehicle-following maneuver.

shown in Fig. 8¢, Fig. 8h, and Fig. 8i, for the proposed DMPC,
the incremental constraints of the longitudinal velocity, lateral
velocity, and yaw rate are satisfied. However, for both the
Controller A and the Controller B, the incremental constraints
cannot be guaranteed. Therefore, the bumpless transfer control
of phase switching can be obtained, i.e., the vehicle has smooth
actions.

In Figs. 7 and 8, the outer-loop controller provides reference
sequences that satisfy the increment constraints. In compari-
son, the reference sequences of Controller A and Controller B,
which do not take these constraints into account, may lead to
handling instability in the vehicles. In summary, it is crucial
to consider the incremental constraints.

B. Tests for the Proposed Hierarchical Control Scheme

A vehicle platoon consisting of four vehicles is used to
demonstrate the proposed hierarchical control scheme for the
vehicle-following, cut-in, and cut-out maneuver.

1) Tests for the Vehicle-Following Maneuver: The evalu-
ation is conducted on a curved road. The leading vehicle
Vi follows a predefined acceleration profile, as illustrated in
Fig. 9a. The time headway is set to Tj, = 0.8. Set dy = 20 m.
The simulation results under the predecessor-following com-
munication topology are shown in Fig. 9. As shown in Fig. 9a,
the longitudinal velocity responses of the following vehicles
successfully track that of the leading vehicle. Fig. 9b presents
the longitudinal displacement of each vehicle, indicating that
no collisions occur within the platoon. Fig. 9c shows the lateral
displacement of each vehicle, demonstrating that all vehicles
can track the desired road centerline accurately. Moreover,
Fig. 9d illustrates that the inter-vehicle spacing errors of the
following vehicles converge to zero. It shows the effectiveness
of the proposed hierarchical control scheme scheme.
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Fig. 10. Test results for the cut-in maneuver under a constant longitudinal
velocity of the leading vehicle (The shaded regions denote different driving
phases, i.e., vehicle-following phase; === gap-generation phase;
lane-changing phase).

2) Tests for the Cut-in Maneuver: Two experiments are
conducted to evaluate the proposed scheme for the cut-in
maneuver, specifically focusing on the constant longitudinal
velocity and the time-varying longitudinal velocity of the
leading vehicle.

Considering the scenario where the leading vehicle V; drives
on a straight road at a constant velocity v,o = 20 m/s.
The constant inter-vehicle spacing policy is adopted, where
dyp = 20 m. The simulation results are presented in Fig. 10.
Note that the labels of all vehicles are not changed in order
to clearly describe the process of the cut-in maneuver. The
responses of inter-vehicle spacing can be deduced from the rel-
ative longitudinal displacements of the vehicles. At the initial
time instant O s, the original vehicle platoon, consisting of
vehicles Vy, Vi, and V3, is in the vehicle-following phase.
During the period from 0 s to 120 s, it maintains the desired
inter-vehicle spacing without any collisions, as shown in
Fig. 10a and Fig. 10b. At 120 s, the vehicle platoon switches
to the gap-generation phase. Vehicle V, cuts into the platoon
at 130 s as shown in Fig. 10c. At 140 s, a new vehicle platoon,
consisting of vehicles Vy, Vi, V», and V3, is formulated. The
vehicle platoons always maintain a desired constant spacing.
As shown in Fig. 10d, the longitudinal velocities of all vehicles
satisfy the specified constraints.

Considering the scenario where the leading vehicle V; drives
on a straight road at a time-varying longitudinal velocity. The
constant time headway policy is adopted, where dy = 10 m
and T), = 0.8. The simulation results are presented in Fig. 11.
At the initial time instant O s, the original vehicle platoon,
consisting of vehicles Vy, Vi, and V3, is in the vehicle-
following phase. During the period from O s to 150 s, the
platoon maintains the desired inter-vehicle spacing without any
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Fig. 11. Test results for the cut-in maneuver under time-varying longitudinal
velocity of the leading vehicle (The shaded regions denote different driving
phases, i.e., vehicle-following phase; mss= gap-generation phase;
lane-changing phase).

collisions, as shown in Fig. 11a and Fig. 11b. At 150 s, the
vehicle platoon switches to the gap-generation phase. Vehicle
V, cuts into the platoon at 175 s as shown in Fig. 11c. At 190 s,
a new vehicle platoon, consisting of vehicles Vy, V|, V,, and
V3, is formulated. The vehicle platoons achieve the desired
inter-vehicle spacing. As shown in Fig. 11d, the longitudinal
velocities of all vehicles can track the longitudinal velocity of
the leading vehicle.

3) Tests for the Cut-Out Maneuver: Two experiments are
conducted to evaluate the proposed scheme for the cut-in
maneuver, also specifically focusing on the constant longitudi-
nal velocity and the time-varying longitudinal velocity of the
leading vehicle.

Considering the scenario where the leading vehicle Vj still
drives on a straight road at a constant velocity v,y = 20 m/s.
The constant inter-vehicle spacing policy is adopted, where
dy = 20 m. The simulation results are presented in Fig. 12. The
initial lateral displacement of the road centerline of the vehicle
platoon is O m. At the initial time instant O s, the original
platoon consisting of vehicles Vy, Vi, V,, and V3 is in the
vehicle-following phase. As shown in Fig. 12a and Fig. 12b,
during the period from O s to 120 s, the vehicle platoon
maintains the desired constant spacing without any collisions.
As shown in Fig 12c, vehicle V, leaves the platoon at 120 s.
At 130 s, a new vehicle platoon consisting of vehicles Vj,
V1, and V3 is formulated. In Fig. 12c, vehicle V, successfully
tracks the desired road centerline. The vehicle platoons always
maintain a desired constant spacing, as shown in Fig. 12b.
The longitudinal velocities of all vehicles satisfy the specified
constraints, as shown in Fig. 12d.

Considering the scenario where the leading vehicle V)
still drives on a straight road at a time-varying longitudinal
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Fig. 12. Test results for the cut-out maneuver under a constant longitudinal
velocity of the leading vehicle (The shaded regions denote different driving
phases, i.e., vehicle-following phase; lane-changing phase).
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Fig. 13. Test results for the cut-out maneuver under time-varying longitudinal
velocity of the leading vehicle (The shaded regions denote different driving
phases, i.e., vehicle-following phase; lane-changing phase).

velocity. The constant time headway policy is adopted, where
dy = 10 m and 7, = 0.8. The simulation results are
presented in Fig. 13. The initial lateral displacement of the
road centerline of the vehicle platoon is 0 m. At the initial
time instant O s, the original platoon consisting of vehicles Vj,
Vi, Va, and V3 is in the vehicle-following phase. As shown in
Fig. 13a and Fig. 13b, during the period from O s to 120 s,
the vehicle platoon maintains the desired inter-vehicle spacing
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without any collisions. As shown in Fig. 13c, vehicle V, leaves
the platoon at 120 s. At 135 s, a new vehicle platoon consisting
of vehicles Vj, Vi, and V3 is formulated. In Fig. 13c, vehicle
V, successfully tracks the desired road centerline. The vehicle
platoons achieve the desired inter-vehicle spacing, as shown in
Fig. 13b. The longitudinal velocities of all vehicles can track
the longitudinal velocity of the leading vehicle, as shown in
Fig. 13d.

C. Computational Time

The proposed hierarchical control scheme is implemented
on a desktop computer equipped with a 2.90 GHz Intel(R)
Core(TM) i7-10700 processor. In the outer-loop, Problem 1 is
solved using the MATLAB function ‘quadprog’. In the inner-
loop, Problem 3 is solved using a Newton-type method based
on a look-up table as described in [52].

Note that Problem 1 is essentially a quadratic programming
problem, which can be solved efficiently with a computational
complexity of O ((h x 3)’). Considering the nonlinear tire
model, a Newton-type method based on a look-up table is
adopted to solve Problem 3, where the high computational
complexity is reduced by online lookup of a precomputed
hash-based tire table. The computational analysis of the
Newton-type method based on a look-up table can be found
in [52]. Moreover, the control frequence of vehicles should be
higher than 10 Hz, i.e., the sampling time should be less than
0.1 s [56], [57]. In the outer loop, the sampling time is 0.5 s,
while in the inner loop, it is 0.05 s.

The computation time of the proposed scheme is shown in
Fig. 14. The red circles indicate the computation time at the
sampling time 7; = 0.5 s, while the black circles represent
the computation time at the sampling time 7, = 0.05 s. The
maximum computation time is 0.0356 s, which is signifi-
cantly shorter than the sampling time. Therefore, the proposed
scheme is efficiently executable in real-time.

The simulations performed on a desktop computer natu-
rally cannot fully represent real-world control performance.
However, with the advancement of autonomous driving tech-
nologies, automotive-grade domain controller platforms, such
as NVIDIA Jetson AGX Orin system on Module [58], Qual-
comm Snapdragon Ride, and Huawei MDC [59], have been
developed. These platforms offer computational capabilities
surpassing those of typical desktop computers. Therefore, it
is reasonable to assume that the proposed control strategy can
be deployed for real vehicle control.

VI. CONCLUSION

In this paper, a hierarchical control scheme was proposed for
the vehicle-following, cut-in, and cut-out maneuvers of vehicle
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platoons, consisting of the decision-making layer and the con-
trol layer. In the decision-making layer, an FSM was designed
to divide the cooperative control process into the vehicle-
following, gap-generation, and lane-changing phases with
predefined switching conditions based on rules. In the control
layer, DMPC based on the LPV vehicle kinematic model was
proposed in the outer-loop, considering the collision avoid-
ance and bumpless transfer control of vehicles. Furthermore,
terminal ingredients of DMPC were calculated based on the
linear matrix inequality. Then, the asymptotic consensus of
the vehicle platoon was guaranteed. In the inner-loop, NMPC
was designed considering the coupled longitudinal and lateral
dynamics. For the real-time implementation of the proposed
scheme, a standard quadratic programming problem for the
outer-loop was formulated, and a Newton-type method was
adopted for the inner-loop controller. The simulation results
demonstrated the effectiveness of the proposed scheme.

Potential future research directions can be summarized as

follows:

e Powertrain system control of autonomous trucks: This
paper focuses on the control of truck longitudinal driving
force and front-wheel steering angle, without incorporat-
ing the control of underlying engine or electric motor. It
is challenging to design control schemes for the engine
or electric motor to achieve energy savings in truck
platooning systems, particularly due to the requirements
for cooperative driving among multiple trucks.

e Decision-Making in complex transportation environ-
ments: 1) Developing control strategies for the dynamic
merging and splitting of multi-platoons to enhance overall
road capacity and adaptability on mixed-traffic highways;
2) Formulating macroscopic traffic models that incorpo-
rate multi-platoon behaviors to analyze their impact on
traffic flow stability and efficiency.

e Fault-Tolerant control of vehicle platoons under cyber
attacks: Developing distributed fault-tolerant control
frameworks robust against cyber attacks targeting vehic-
ular communication networks, such as delays, false data
injection, and replay attacks.

APPENDIX A
QUADRATIC PROGRAMMING PROBLEM FORMULATION

Problem 1 can be transformed into a standard quadratic
programming problem. First, define an input sequence as

u; (01k)
A | wi(1lk)

Ui (k) = , (53)

wih=11) |,

where the subscript symbol & x 1 represents the quantities of
vectors or submatrices within a matrix.
Then, a quadratic programming problem can be formulated

as follows: Problem 4
minirl?ize U;(k)*A;U; (k) — Gi(k)TU; (k) (54)

i

subject to: C,;U; (k) > B,; (k), (55)
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2 (k)
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L ) e
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D=1[0,---,Blixn (68)
APPENDIX B

PROOF OF THEOREM 1

For different phases in the FSM, the recursive feasibility of
Problem 1 and the vehicle V; can follow the preceding vehicle
and track the desired centerline asymptotically by the standard
MPC arguments (see, e.g., [60]).

Namely, suppose that (32) is a feasible solution of Prob-
lem 1 at the time instant k = kq. Then, at the next time instant
k + 1, a feasible solution can be selected as

u; (1K)

ui(k+1) = (69)

u (h—1lk)
Kix; (hlk)
Thus, the recursive feasibility of Problem 1 is established.

The optimal cost functional of the vehicle V; is

h—1

Jr )y = F (x (hIk)) + > L (x5 (tle) ] (216).

1=0
Denote the cost function with (69) by

Jitk+1)

(70)

h-1
=F(xi(hlk+1)+ Y Lxi(tlhk+1),utlk+1) (71
t=0
Thus,
Jik+ 1) = J; (k)
h-1
= F (x; (h[k)) Y L(x; (t|k) s (¢ 1)) = J; (k)
t=0
< —L(x;(Olk),u; (Ok))
+ F (x; (hk+ 1)) = F (x; (R |k))
X Ol o, = i O,
+ F(x;(hlk + 1)) = F (x; (h]K)),

(72)
where

F(xi (hlk+ 1)) = F (x; (h]k))

=l (h Ik + Dllp, = || x5 (10|,

= [ (4 (vei W) + Bixi) x; (1K) |, —

X I,
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<=} B g

<0. (73)
Accordingly, it follows that:
Jitk+1D)=J (k)< Ji(k+1)=J; (k) (74)
In terms of (72) and (74), one has
Jik+1)—=J (k) <0, (75)

which indicates that the vehicle V; can asymptotically follow
its preceding vehicle and track the desired centerline.

APPENDIX C
PROOF OF THEOREM 2

By the sum of the local cost function, a Lyapunov function
of the vehicle platoon is defined as

N
T (k)= " Ttk

i=1

N h-1
= F (x:‘ (h Ik)) + Z L (xj‘ k), u; (t Ik)) (76)
i=1 =0
The sub-optimal cost function J (k + 1) has:
Jhk+1D)<JEk+1). (77)
Therefore,
Jhk+D) =T (k) <J(k+1)=J (k). (78)
Furthermore,
Jk+ 1) =J (k)
N
=Y Jitk+1)=J (k)
i=1
N h-1
=S PG k) + 3 L 1) i 1k} — J* &)
i=1 =0
N
< Z {=L(x; (0]k),u; (Ok))
i=1
+F (xi (hlk+ 1)) = F (x; (h]k))}
N
=Y -l oy, -l o],
i=1
+ F (o (hlk+ 1) = F (x (h]0))} . (79)
Then,
J(k+1)=J" (k)
N
<=l ol + u; O |
i=1
<0. (30)

Clearly, (80) shows that the cost function is strictly mono-
tonically decreasing for the vehicle-following maneuver. Thus,
the vehicle platoon achieves asymptotic consensus during the
vehicle-following phase.
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