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Abstract: Population growth and rising mobility demands have significantly increased
traffic congestion and extended travel times. To address these challenges, traffic flow can
be optimized by organizing vehicles into clusters, known as vehicle platoons, where cars
travel closely together in a co-ordinated manner. Although the concept of vehicle platoon
control holds great promise for improving traffic efficiency and reducing fuel consumption,
its practical implementation faces several issues. Variations in vehicle specifications, such
as differences in mass, can destabilize platoons and negatively impact overall performance.
This paper introduces a novel method to maintain stable vehicle co-ordination despite
such uncertainties. The proposed method utilizes a static output feedback control strategy,
which simplifies the communication architecture within the platoon, as only partial state
information from each vehicle is required. The simulation results demonstrate that this
method effectively minimizes spacing errors and ensures platoon stability. This approach
not only enhances safety but also improves traffic flow, making it a viable strategy for
future intelligent transportation systems.

Keywords: vehicle platoon; intelligent transportation system; road safety; robust control;
urban traffic

1. Introduction

The rapid growth of the global population and the expansion of urban areas have led to
a significant increase in the demand for mobility over recent decades [1]. This has resulted
in a range of critical issues, including worsening traffic congestion and increased pollution,
which have a detrimental impact on the quality of life of individuals and communities [2].
The increase in the number of vehicles on the road has resulted in a greater prevalence
of stop-and-go driving patterns, which have the effect of creating congestion, prolonging
travel times, and increasing energy consumption [3]. Furthermore, these traffic congestion
issues cause large groups of vehicles to remain stationary or move slowly in confined areas
for extended periods, resulting in the concentrated emissions of harmful pollutants that
have a significant impact on both human life and the natural environment [4].

In response to these challenges, vehicle platoon control has emerged as a promising
solution to address issues of traffic congestion, inefficiency, and pollution [5-7]. The primary
objective of a vehicle platoon is to organize traffic into co-ordinated groups of vehicles
that travel closely together, maintaining safe distances while optimizing traffic flow [8]. A
vehicle platoon consists of a lead vehicle, which may be autonomous or human-driven,
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followed by multiple follower vehicles that are often fully autonomous or equipped to
autonomously control only their longitudinal dynamics [9]. When the vehicle platoon is not
fully autonomous, the longitudinal dynamics of each vehicle follower can be driverlessly
controlled to adjust speed and spacing [10] while the driver remains responsible for certain
tasks, such as steering.

One of the key challenges encountered in the design of vehicle platoon controllers is
the issue of vehicle heterogeneity [11-15]. The mechanical characteristics of each vehicle
in a platoon, including variations in mass, powertrain capabilities, and braking efficiency,
result in differences in longitudinal dynamic behavior. These discrepancies present a
challenge in synchronizing the motion of each vehicle effectively, as they can affect the
desired consistency in spacing and the smooth acceleration and deceleration of the entire
platoon [16]. Addressing this complexity is critical to ensure safe and co-ordinated pla-
toon movement, particularly in scenarios characterized by a high degree of diversity in
vehicle specifications.

Furthermore, the communication topology within a vehicle platoon is of significant
importance in determining feasible control strategies and overall performance [17]. The
communication framework defines the manner and the information each vehicle receives.
The simplest communication topology, known as predecessor-following, provides each
follower vehicle with only relative measurements, such as distance and velocity, about
the vehicle directly in front [18]. While this approach is relatively easy to implement, it
fails to ensure safe performance in practice [19]. Indeed, it compromises the string stability
of the platoon by allowing tracking errors and disturbances to amplify as they propagate
downstream, leading to increased oscillations and potential safety risks such as vehicle
collisions across the platoon. In contrast, more advanced communication topologies, such
as multiple-predecessor following or fully connected frameworks, can significantly enhance
platoon performance by improving stability and responsiveness [20]. These topologies
provide each vehicle with information from several or all preceding vehicles, enabling
smoother and more co-ordinated maneuvers. However, this improved performance comes
at a cost: these configurations are complex to implement and highly vulnerable to faults,
such as network disruptions, cyber-attacks, or denial-of-service incidents, which can com-
promise the entire system’s reliability and safety [21-23]. A commonly adopted robust
solution for vehicle platoon control is the predecessor-leader following (PLF) topology [24].
In this configuration, each follower vehicle obtains real-time data about the leader’s state
through vehicle-to-vehicle (V2V) communication, while the state of its immediate pre-
decessor is detected using onboard sensors, such as radar or lidar [25-27]. This hybrid
approach enhances stability and safety by combining direct communication with reliable
sensor-based feedback, enabling each vehicle to maintain precise spacing and respond
effectively to changes in the platoon’s movement.

The subject of vehicle platoon control is currently being investigated in depth by
several researchers. In [28], a novel car-following model for adaptive cruise control vehicles
using an enhanced intelligent driver model (IDM) is presented. However, the IDM is
based on the PF topology, so it cannot guarantee that the platoon is string stable. In [29], a
distributed model predictive control (MPC) algorithm was designed to control a platoon
on curved roads. In [30], a cloud-edge co-operative scheme for heterogeneous vehicle
platoon based on distributed MPC is proposed. In [31], an asynchronous stochastic self-
triggered distributed MPC control scheme is proposed for vehicular platoon systems
under coupled state constraints and additive stochastic disturbance. In [32], a distributed
MPC for a heterogeneous vehicle platoon with an unknown input for leading vehicles is
presented. In [33], Kalman filtering and MPC techniques are combined to control platoon
formation. It is evident that there is a significant trend towards the control of vehicle
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platoons through the implementation of MPC techniques. However, this approach may
not be entirely feasible in practice due to the considerable computational costs associated
with such techniques, which could potentially compromise the real-time implementation
of the system [34]. Moreover, the deployment of MPC techniques demands a complete
awareness of the state of the platoon at any given moment, in addition to inherently
complex communication topologies [35]. Consequently, the utilization of MPC for platoon
control is not recommended, and alternative output feedback control techniques should
be employed. These techniques, such as PLF topology, possess the capability to adapt to
reduced platoon knowledge [24].

Due to the aforementioned reasons, in this paper, we propose a novel vehicle platoon
controller, which is designed to be robust against vehicle heterogeneity and external road
disturbances. Since each vehicle only has access to limited platoon information, a static
output feedback controller is designed to update the traction force on each vehicle. Closed-
loop stability and robustness against external disturbances are guaranteed under Lyapunov
and .7, criteria, respectively. Specifically, the contributions of this paper are summarized
as follows:

* A methodology for the offline design of a controller under linear matrix inequality
(LMI) conditions is proposed. This approach offers the advantage of eliminating the
need for control gains to be recalculated during the execution time, which is in contrast
to other methods, such as MPC [36]. The proposed controller is, therefore, capable of
functioning in real time.

*  J, criteria are employed to design a vehicle platoon controller with guaranteed
robustness against vehicle heterogeneity and external disturbances.

* By employing output feedback techniques within the predecessor-leader following (PLF)
topology, the platoon controller guarantees the global stability of the entire system. This
is accomplished even though the control signal for each vehicle is generated using only
the relative information available to each follower vehicle, specifically from its immediate
predecessor and the leader. This approach demonstrates the effectiveness of the controller
in ensuring stability despite the constraints of the PLF topology.

The remainder of this paper is organized as follows. In Section 2, the mathematical
model of the vehicle platoon is introduced. In Section 3, the methodology for designing
the platoon controller is explained. Section 4 presents a series of tests that validate the
effectiveness of the proposed controller. Section 5 concludes the paper.

Notation. The set of non-negative integers is denoted by Z, . The identity matrix
is denoted as I. For a matrix X, X' denotes its transpose. The function He(X) returns
He(X) = X+ X '. If Y is a square matrix, Y > 0 denotes that Y is positive definite. In
a symmetric matrix, the symbol * indicates the transpose of the symmetric term. The
function diag{Xl, Xz} retrieves a block-diagonal matrix composed of X; and Xj. If not
stated, matrices are supposed to have compatible dimensions. For a variable, x, x, and
X denote the minimum and maximum values of x, respectively. Arguments are omitted
when their meaning is clear.

2. Vehicle Platoon Model

The heterogeneous vehicle platoon presented in this paper is composed of # + 1 vehi-
cles with different specifications, as depicted in Figure 1. The leader vehicle, designated
as index 0, is externally human-controlled, while the following vehicles are indexed se-
quentially from 1 to n. Each vehicle in the platoon is assumed to be electric and powered
by in-wheel motors (IWMs), providing rapid torque response; this enables the simplifi-
cation of the model by neglecting the inertial lag effect in each following vehicle [37-39].
Aerodynamic drag, road slope, and rolling resistances act as external resistances. PLF
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topology is selected for vehicle communication due to its strong potential for enhanced
string stability [40]. In this configuration, each vehicle can measure relative states, such as
distance and velocity, within the vehicle directly ahead while also receiving real-time state
information from the lead vehicle via wireless communication.

I L, I I L,
[————— == ¢
I I
Sn S2
> LiDAR/Radar = = = » V2V communication

Figure 1. The PLF platoon considered for this work.

For each following vehicle in Figure 1, the longitudinal dynamics have to consider tire
force, aerodynamic drag, rolling resistance, and grade resistance. The position and velocity
of the ith vehicle are represented by s; and v;, respectively. Then, the longitudinal dynamic
behavior of the ith vehicle is represented as in previous works, such as [38]:

s'i:vi

1

. ' (1)
0 = %(Fx,i —Fi—Fgi —Ff,i), i=1,...,n
1

The description of the model parameters and their typical ranges in automobiles are
presented in Table 1. The resultant longitudinal tire force is denoted by F,. The effect of
external resistances is evaluated by F,, Fg, and Ff, which are the aerodynamic, rolling, and
grade resistances, respectively. These effects are calculated using

F,i = 0.50Cy i Ai(v0 — v;)?
Fy; = m;gsin(0;) )
Fy; = mjgf, cos(0;)

with p = 1.293 kg/m3 and ¢ = 9.81 m/s? denoting the air density and the acceleration of
gravity, respectively.

Table 1. Minimum and maximum limits of vehicle parameters and external disturbances [41-43].

Symbol Description Unit Min. Max.
m; Vehicle mass kg 800 2000
Cu,i Coefficient of aerodynamic drag - 0.29 0.39
A Frontal cross-area m? 1.58 29
fri Coefficient of rolling resistance - 0.01 0.014
(7 Wind speed m/s -12.9 129
-17.02 17.02
0; Road slope ° _59b 59b

2 Hilly road. ® Highway and expressway.
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The control input to give to each vehicle is the longitudinal tire force, Fy. In order to
account for the possible mass variation from one vehicle to another, we define F, ; as

Fei=m'uy 3)
where m' is the nominal vehicle mass
m+m
m' =" @

Following (1)—(3), the longitudinal dynamics of the ith vehicle are expressed as
$;i =0
9 = a; = (1 + Ay )u; — 051201 +mA+ﬂ7m 0CoiAi (v — v;)? (5)
— 8fricos(a;) — gsin(a;)

where A; is the normalized nominal mass uncertainty that satisfies |A;| < 1, # is the nominal
mass coefficient, and 77, is a coefficient that represents the maximum variation of the vehicle
mass, which was obtained using

mt (i +m mt(@m —m
g (=)

2mm

6
i (6)

In order to guarantee high traffic efficiency, a constant spacing policy is considered
for this work. Following this consideration, the spacing and velocity errors between are
expressed as

ej =si—1—si —Li —d4

)

€ =0i1—0;

where ¢, is the desired constant spacing between consecutive vehicles, which has been
selected as d; = 15 m for this work. It is evident that a collision between vehicles can be
prevented as long as the inequality e; > —d; is not violated.

In accordance with the PLF topology, a linear control method is selected for this work,
which is in the form of

uj = ki(si—1 —si — Li — 64) + ka(vi_1 — v;) + ka(s0 — s; — Li — 64,;) + ka(vo — v;) (8)

where kj, j = 1,...,4 are control gains to be designed later. L; represents the sum of every
length of each vehicle located between the leader and the ith follower. gd,l- stands for the
accumulated desired vehicle-free spacing between the leader and the ith follower, such that

i i
Li=) Ljd4i=) 6s=1i )
=1 =1

To achieve a compact representation of the heterogeneous platoon, a variable transfor-
mation is conducted by defining the tracking error with respect to the leader ¢; as

i =s0—si—Li—0d4; (10)
Now, under the definition of (10), the control input (8) is expressed as

uj = ki (& — Gic1) + ko (& — 1) + kali + ka (11)
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By putting together (5), (6), and (10), the following longitudinal dynamic model for
the ith vehicle follower is obtained:

Gi = v — v

. + A

¢ =ag— (17 + Aﬂym)ui + O.S%Pcw,ﬂ\i(vw - vi)z (12)
+ 8fr,icos(0;) + gsin(6;)

where ag serves to represent the acceleration of the leader vehicle. The system state and
disturbance of the ith vehicle are denoted by {; and w;, respectively, such that

s
: L.;,

+A; .
w; = ag + gfyicos(6;) + 0.5'77’17;’7’”,)@0,1-/\1-0} + gsin(6;)

(13)

By taking (13) into consideration, the model (12) is rewritten in the continuous-time state
space, which is expressed as

Ci(t) = AiQi(t) + (Bi 4+ Hil\iN;)u;(t) + By wi(t) (14)

with the continuous-time state-space matrices

01 0 0 0
g lo 0]'81 [—’7]’% H B H

Nevertheless, in order to facilitate the real-time application, it is preferred to transform
model (14) into its discrete counterpart:

Ci(k+1) = Aigi(k) + (B; + H;AiN;)u;(k) + B jw;(k) (15)

where the new discrete-time state-space matrices are derived using the Euler discretization
method, resulting in

Aj =1+ ATy, B; = BiT;, Hi = H;Ty, By, i = By,iTy

Now, analyzing the behavior of the full platoon requires expanding system (15) so
that each vehicle is included in a single model. A possible representation of full-platoon
behavior in the discrete-time state space is

C(k+1) = Al(k) + (B+ HAN)u(k) + Bow(k)
u(k) = KCyg(k) (16)
z(k) = Gz (k)
where z is a vector that represents the control objective, aiming to minimize each system
state to effectively eliminate tracking errors. With the aim of minimizing the effect of

external disturbances on every system state, the matrix C; is selected as C, = I. The state
matrices are

A =diag(Ay,..., An), B = diag(By,...,By), H = diag(Hj, ..., Hy),
A = diag(Aq,...,An), N = diag(Ny, ..., Ny), B, = diag(Bw,---,Bwn)

éz{élT g @HT, uz[ul Uy ... un}T, w:[wl wy ... wn}—r
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and
K=12lk ko ks k], C=[c ] cl C,HT,
Cn=1 0 ], Ca=1[1 0 0,
Cu=[-11 .0, =01 0,
Cn = [0 -1 1], Ca=]o 0 1],

3. Controller Design

This section presents a series of sufficient conditions for designing a vehicle platoon
controller that is robust to the impacts of mass heterogeneity and external disturbances
affecting the longitudinal dynamics of each vehicle.

First, define the change of variable

[kl ky ks k4}:}"g’1 (17)

where F € R4 and G € R**4 are matrices to be designed later.
The application of the change in variable (17) on (16) returns the closed-loop vehicle
platoon system model

{(k+1) = AZ(k) + (B + HAN)u(k) 4+ Bow(k)
u(k) = FG'C,g(k) (18)
z(k) = C:¢(k)

where
F=I®F Gl=Ixg!

In order to obtain the matrices F and G, the following theorem provides sufficient
conditions to design a robust SOF controller for the heterogeneous vehicle platoon (18).

Theorem 1. The closed-loop vehicle platoon system (18) is asymptotically stable with an 7%
performance index -y > O if there exists a matrix Q > 0, matrices F and G, and positive scalars
u > 0and e > 0 such that the following LMI optimization problem returns feasible results:

min ¢ s.t.

—Q * * * * * *
0 —?I * * * * *
AQ+BFCy By —-Q * * * * (19)
C,Q—-GC, 0 eF'BT —eHe(G) * +  [<0
C.Q 0 0 0 . *
0 0 —uHT 0 0 —ul
NFCy 0 0 eNF 0 0 —ulj

Proof. Since ATA < I, when using the following matrix property [44]

Vu>0, 2"+ x <p2 "2 +utw'y (20)
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the LMI (19) is equivalent to

-Q * * * *
0 R * * *
AQ+ (B+ HAN)FC, B, -Q * x| <0 (1)
Cy,Q—GCy 0 eF'(B+HAN)" —eHe(G) «
C.Q 0 0 0 -1

The LMI (21) can be transformed following the Schur complement, which returns

—Q+QC/CG:Q * * *
)
0 v * * <0 22)
AQ+ (B+HAN)FC, By -Q *
C,Q — GCy 0 eF"(B+HAN)" —eHe(G)
Now, multiply the inequality (22) by
I 00 0
010 0 (23)
0 0 I (B+HAN)FG™!
on the left and by its transpose on the right in order to obtain
—Q+QC/ CG:Q * %
0 I % | <0 (24)
AQ+ (B+HAN)FG™'C,Q B, -Q
Apply the change in variable Q = P~! and perform the congruent transform
diag(P, I, I) to (24) such that
-P+C/C, * *
0 I % | <0 (25)
A+ (B+HAN)FG™'C, B, —P!

By using the Schur complement once again, the LMI (25) is equivalent to

-P+CJC,  *

.
P
WTPW + . 2

<0 (26)

where W = A+ (B+ HAN)FG™'C, Bu|
.
By multiplying (26) by [g Tk) w' (k)} on the left and its transpose on the right, the
following expression is obtained:

AVE) + T, (k) < 0 @7)
where AV is the variation of the Lyapunov stability function candidate V(k) = ¢ (k) PZ(k),
and J,, is the 7 robustness criterion, defined as [45]

AV (k) <0, Ty (k) <0
AV(k) =" (k+1)PL(k+1) = ¢ (K)PL(K) (28)
T, (k) = 2" (k)z(k) = Y0 ()w (k)
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From (28), it follows that the system (18) is stable under the Lyapunov criterion and is
robust with the prescribed /%, performance 7; hence, the proof is complete. [

The subsequent theorem establishes a sufficient condition for the string stability of the
platoon controller.

Theorem 2. If the LMI (19) returns a feasible solution, the controller gains (17) guarantee that the
platoon is string stable. Furthermore, if oy < 1, the platoon is strictly string stable.

Proof. The proof can be found in [38] and is omitted here for simplicity. [

4. Results

In order to evaluate the performance of the proposed platoon controller, a simulation
for a heterogeneous vehicle platoon composed of a leader and n = 5 vehicle followers was
conducted. The longitudinal dynamics of each vehicle in the platoon were modeled accord-
ing to (1) and (2). The simulations were performed using a computer equipped with an
Intel Core i9-13900HX CPU and 32 GB of memory under the Matlab R2024a environment.

The mechanical specifications of each follower vehicle are presented in Table 2. The
controller sampling time was chosen as T; = 0.01 s. Following Theorem 1, a feasible
controller was found with the 7%, performance v = 0.5. To this end, Matlab LMI solvers
were employed. The control gains presented in (8) have been obtained as

ki =117, ky = 1.12, k3 = 9.71, ks = 10.48 (29)

Table 2. Mechanical specifications of each follower vehicle in the platoon.

i m; Cuw,i A; fri

1 1400 kg 0.299 1.78 m? 0.0106
2 1600 kg 0.3178 2.86 m? 0.0117
3 1200 kg 0.3447 2.84 m? 0.0137
4 1500 kg 0.3858 2.22 m? 0.0132
5 1350 kg 0.3865 2.63 m? 0.0138

Regarding the external disturbances that affect the longitudinal vehicle dynamics, the
road slope and wind speed are defined as 8 = 1.5° and v, = 1.5 m/s, respectively. These
values remain constant during the simulation.

The vehicle platoon is initiated under the assumption that it begins in a steady state,
thereby ensuring that tracking errors are zero. This guarantees a synchronized start across
all vehicles [38].

Two scenarios are subject to evaluation. The first scenario simulates highway traffic in
order to approximate an everyday driving situation in the platoon. The second scenario
is designed to verify the platoon stability when the leader vehicle suddenly conducts an
emergency braking maneuver.

4.1. Scenario 1—Highway Driving

The objective of this scenario is to evaluate the stability of a vehicle platoon as the
velocity of the leading vehicle varies during the course of a highway journey. The leader of
the platoon follows the velocity and acceleration profiles presented in Figure 2.
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a

10 (a) ; (b)
o~ &
~ VA
g 5
- 25 -
3

15 . -3 :
0 25 50 0 25 50

Time (s) Time (s)
Figure 2. Leader profiles during scenario 1. (a) Velocity; (b) acceleration.

The position of the vehicles in the platoon under this scenario is presented in Figure 3.
Since the simulated trajectories do not intersect each other, vehicle collisions do not happen,
which ensures traffic safety. The platoon tracking errors over time are shown in Figure 4.
It can be seen that separation errors tend to decrease when propagated downstream of the
platoon, i.e., [e1| > |e| > - -+ > |en|, which proves that the vehicle platoon has string-stable
behavior. The rapid response capability of the platoon controller is demonstrated since the
velocity tracking errors remain under 0.065 m/s during the course of the simulation.

1500 F
1000 +
B
B ——Leader
500 | ——Follower 1| |
Follower 2
Follower 3
——Follower 4
0 ——Follower 5| |
0 25 50

Time (s)

Figure 3. Position of the vehicles in the platoon during scenario 1.

a b
0.3 ( : ) 0.08 ( : )
——Follower 1
Follower 2
0.2} Follower 3| 0.04
——Follower 4
— 0.1F ——TFollower 5| | E
£ £ o0
s \ o
) 0 <
-0.04 +
-0.1+
-0.2 s -0.08 :
0 25 50 25 50
Time (s) Time (s)

Figure 4. Tracking error evolution during scenario 1. (a) Separation error; (b) speed error.
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In order to evaluate the performance of the platoon controller, the maximum and root
mean square (RMS) values of the separation and velocity errors were evaluated. In the case
of a set of n values {x1,x2,...,x,}, the RMS is calculated using

n

Y x? (30)

i=1

S|

XRMS =

Figure 5 presents the maximum and RMS values for the spacing error of each vehicle
in the platoon. A maximum tracking error of 0.25 m is found for the first follower. The
spacing error reduces when propagated downstream of the platoon, finding that the last
follower reaches a maximum separation error below 0.02 m, which proves the effectiveness
of the proposed method. Velocity tracking performance is introduced in Figure 6. The
maximum velocity tracking error is 0.06 m/s for the first follower, while the last vehicle in
the platoon has a maximum velocity tracking error below 0.01 m/s, which guarantees a

smooth, stable movement in the vehicle string.

(a)

(b)

1 2 3 4 5 1 2 3 4 5
Follower (7) Follower (%)

Figure 5. Spacing errors during scenario 1. (a) MAX; (b) RMS.

(a) o)

0.08 ‘ ‘ ‘ ‘ ‘ 0.03

0.06

MAX ¢é; (m/s)
=]
o
—~

1 2 3 4 5 1 2 3 4 5
Follower () Follower ()

Figure 6. Velocity errors during scenario 1. (a) MAX; (b) RMS.

4.2. Scenario 2—Emergency Braking

This scenario was designed to evaluate the ability of the platoon to co-operate and per-
form an emergency braking maneuver when required. The leader velocity and acceleration
profiles are presented in Figure 7.
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a

50 (a) . (b)
107 NE
S g 25
- S~—
S 5

0 L
-5 : -5 :
0 5 10 0 5 10

Time (s) Time (s)
Figure 7. Leader profiles during scenario 2. (a) Velocity; (b) acceleration.

The longitudinal position of each vehicle in the platoon during the sudden braking
maneuver is presented in Figure 8. It can be observed that vehicles maintain a constant
separation between each other, thereby avoiding collisions. Spacing and velocity tracking
errors are introduced in Figure 9. Once again, the string stability of the platoon is demon-
strated, even in this challenging scenario. This is evidenced by a reduction in separation
and velocity errors as they are propagated downstream within the platoon.

50
0
B8
B ——Leader
——Follower 1
507 Follower 2| |
Follower 3
——Follower 4
——Follower 5
-100 :
0 5 10
Time (s)
Figure 8. Position of the vehicles in the platoon during scenario 2.
a b
o1 (a) 04 (b)
0 0.2
_-0.1 Y
~
£ £ 0
¢ -02 ——TFollower 1] %)
Follower 2
-0.3 Follower 31  0-2
——Follower 4
-0.4 ——Follower 5| |
; -0.4 :
0 5 10 0 5 10
Time (s) Time (s)

Figure 9. Tracking error evolution during scenario 2: (a) Separation error; (b) speed error.
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The maximum and RMS values for the spacing error in this scenario are shown
in Figure 10. The maximum tracking error remains below 0.45 m during all the tests,
eliminating the possibility of collisions occuring. The velocity tracking performance is
introduced in Figure 11. The maximum velocity tracking error remains below 0.4 m/s,
which indicates the fast response of the vehicles in the platoon. The results demonstrate that
the proposed method can ensure platoon stability and safety under an extreme maneuver.

@ ()

0.25

0.5

1 2 3 4 5 1 2 3 4 5
Follower (%) Follower (7)

Figure 10. Spacing errors during scenario 2. (a) MAX; (b) RMS.

()

b
0.4 0.15 ( ‘ )

1 2 3 4 5 1 2 3 4 5
Follower (%) Follower (7)

Figure 11. Velocity errors during scenario 2. (a) MAX; (b) RMS.

5. Conclusions

This paper presents an investigation of the problem of robust vehicle platoon control, with
a particular focus on the impact of mass variance on the overall heterogeneity of the system.

The platoon controller has been designed in the discrete-time domain, as this approach
offers a more practical solution. The system is guaranteed to be stable in accordance
with the Lyapunov criteria. The robustness of the proposed strategy towards external
disturbances and measurement noise was investigated using the analysis of the /%, norm.

The proposed platoon controller was evaluated under two distinct conditions. The
initial scenario involves an everyday driving situation in which the vehicle in the lead
accelerates, and the subsequent vehicles must be able to maintain the same speed and reach
a stationary position. Secondly, an emergency braking maneuver was conducted to test
the safety and stability of the platoon under extreme conditions. The results demonstrate
that the proposed method is highly reliable and capable of achieving maximum separation
errors below 0.5 m. This ensures the avoidance of collisions between vehicles.
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Future works will focus on the formulation of a strategic plan for the movement of the
leader that takes road conditions into account with the objective of reducing the collective
energy consumption of the platoon. In addition, a mechanism will be developed to ensure
the integrity of the system. This mechanism will include a process for detecting false data
injection and adapting to switching communication topologies [46].
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IWM  In-wheel motors

LMI  Linear matrix inequality
MPC  Model predictive control
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PLF Predecessor-leader following
RMS  Root mean square

V2V Vehicle-to-vehicle
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