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RESUMO

A cooperacao entre veiculos autonomos no trafego urbano e no transporte em estradas,
dispostos em comboios, constitui uma solucao para um transito mais seguro e organizado,
promovendo maior eficiéncia energética. Neste contexto, este trabalho aborda o controle
distribuido e a reorganizacao de comboios heterogéneos de veiculos, considerando restricoes
de comunicacdo, incluindo limitacdo do alcance e atrasos fixos e heterogéneos, bem como
eventos de reconfiguracdo ao longo do deslocamento. Os veiculos sdo equipados com sen-
sores, atuadores e unidades de processamento e controle, o que possibilita a formacdo e a
manutencao dos comboios por meio do consenso sobre as posicoes relativas entre veiculos
conectados. Este trabalho propde solucoes para o problema de controle distribuido aplicado
a formacdo de comboios heterogéneos, adotando uma politica de espacamento constante e
alcance de comunicacdo limitado. Como principais resultados, sdo apresentadas estratégias
para a recuperacdo automatica da distancia desejada, garantindo a resiliéncia do comboio
independentemente do niimero de veiculos. O controle dos veiculos é projetado segundo uma
estrutura hierarquica de dois niveis. No primeiro nivel, a lei de controle implementada em um
sistema de automac3o regula o movimento do veiculo a partir de dados de posicao, velocidade e
aceleracao recebidos dos veiculos a sua frente, caracterizando uma topologia de comunicacao do
tipo predecessor-seguidor. O segundo nivel da hierarquia é regido por protocolos que modificam
entradas de dados e a estrutura de controle diante de mudancas na configuracdo do comboio,
abrangendo a reconfiguracdo para eventos de entrada e saida de veiculos e a recuperacdo apés
perda completa de comunicacdo e segmentacao, viabilizando a recomposicao do sistema. Os
resultados obtidos sdo aplicaveis a sistemas lineares invariantes no tempo. O modelo de cada
veiculo é obtido por meio de uma técnica de linearizacdo aplicada a um modelo n3o linear
da dindmica longitudinal. A conectividade entre os veiculos é descrita utilizando a teoria de
grafos. A estabilidade do sistema é assegurada pela convergéncia da distancia de espacamento
em relacdo aos veiculos vizinhos para valores desejados. As anélises consideram cenérios de
comunicacdo sem atraso e com atraso fixo e heterogéneo, utilizando a teoria de controle
classica, com ganhos de controle selecionados de acordo com o critério de Routh-Hurwitz,
o qual garante a estabilidade assintética. Os resultados demonstram que a estabilizacdo de
todos os veiculos do comboio heterogéneo é assegurada pela estabilidade individual de cada
veiculo, utilizando apenas variaveis locais. Exemplos numéricos, implementados em linguagem
Python, e testes realizados no simulador CARLA, emulando condicGes realistas de conducdo

dos veiculos, demonstram a eficacia das metodologias propostas.

Palavras-chave: comboios de veiculos auténomos; controle distribuido; veiculos heterogéneos;

distancia interveicular; perda de comunicacao.



ABSTRACT

The cooperation between autonomous vehicles in urban traffic and highway transportation,
arranged in platoons, constitutes a solution for safer and more organized traffic conditions,
promoting greater energy efficiency. In this context, this work addresses the distributed
control and reorganization of heterogeneous vehicle platoons, considering communication
constraints, including limited communication range and fixed and heterogeneous delays, as well
as reconfiguration events during motion. Vehicles are equipped with sensors, actuators, and
processing and control units, which enable the formation and maintenance of platoons through
consensus on the relative positions among connected vehicles. This work proposes solutions to
the distributed control problem applied to the formation of heterogeneous platoons, adopting
a constant spacing policy and limited communication range. As the main results, strategies
for the automatic recovery of the desired spacing distance are presented, ensuring platoon
resilience regardless of the number of vehicles. Vehicle control is designed according to a
two-level hierarchical structure. At the first level, the control law implemented in an automation
system regulates the vehicle's motion based on position, velocity, and acceleration data received
from preceding vehicles, characterizing a predecessor—follower communication topology. The
second level of the hierarchy is governed by protocols that modify data inputs and control
structure in response to changes in the platoon configuration, encompassing reconfiguration
for vehicle entry and exit events and recovery after complete communication loss and platoon
segmentation, enabling system recomposition. The obtained results are applicable to linear
time-invariant systems. The model of each vehicle is obtained through a linearization technique
applied to a nonlinear longitudinal dynamics model. Inter-vehicle connectivity is described using
graph theory. System stability is ensured by the convergence of inter-vehicle spacing relative to
neighboring vehicles to desired values. The analyses consider communication scenarios without
delay and with fixed and heterogeneous delays, using classical control theory, with control gains
selected according to the Routh-Hurwitz criterion, which guarantees asymptotic stability. The
results demonstrate that stabilization of all vehicles in the heterogeneous platoon is ensured
through the individual stability of each vehicle using only local variables. Numerical examples
implemented in Python and tests conducted in the CARLA simulator, emulating realistic vehicle

driving conditions, demonstrate the effectiveness of the proposed methodologies.

Keywords: autonomous vehicle platoons; distributed control; heterogeneous vehicles; inter-

vehicle distance; communication loss.



LIST OF FIGURES

Figure 1.1 — The platoon must reorganize itself to fill /vacate some spots, keeping stability
and ensuring the desired inter-vehicle space in steady-state. . . . . . . .. 22
Figure 1.2 — Heterogeneous vehicular platoons under limited communication range and
time-delay: when a vehicle, or a subset of vehicles, loses connection with
the team, it must be able to re-connect, maintaining the original formation. 23
Figure 3.1 — Example: direct graph — > connections communication topology of the
vehicles in a platoon formed by five follower vehicles (i =1,...,5) plus the
leader (i =0). . . . . . . . 33
Figure 3.2 — Metric parameters in the platoon. The position p; of the i — th vehicle is
referenced on its rear bumper. The vehicle i must keep the fixed distance
d;i_1 = v+ {; from its first inmediately preceding neighbor, the distance
diji—o = vi+ i+ vi—1+ {i_1 to its second immediately preceding neighbor
(1—2),andsoon. . . ... ... 36
Figure 5.1 — Vehicles position with multiple entries and exits. . . . . . . .. .. .. .. 57
Figure 5.2 — Formation error. At 150s, 3 vehicles exit simultaneously splitting the platoon. 57
Figure 5.3 — Weighted-Mean-Subsequence-Reduced (W-MSR) method in (PIRANI et
al., 2018). Comparative analysis between (PIRANI et al., 2018) and our
approach: position over time. . . . . . . . ... 59
Figure 5.4 — Our reconfiguration protocol. Comparative analysis between (PIRANI et al.,
2018) and our approach: position over time. . . . . ... ... ... L. 59
Figure 5.5 — Comparative analysis between (PIRANI et al., 2018) and our approach:
spacing over time. W-MSR method in (PIRANI et al.,, 2018). . . . .. .. 59
Figure 5.6 — Comparative analysis between (PIRANI et al., 2018) and our approach:
spacing over time. Our reconfiguration protocol. . . . . . . . .. ... .. 60
Figure 6.1 — Switching protocol: in the Virtual Reference state, the vehicle is completely
disconnected from the platoon; when it reaches one agent at its front, it
switches to the Transitory Condition, using the state information provided
by its new neighbor to reduce the state error; when the error is small enough,
the vehicle goes to the Stationary Condition, following the entire platoon. . 62
Figure 6.2 — Virtual agent used to ensure connectivity with the platoon in the Virtual
Reference state: when no communication is available and there is a free
path, vehicle i uses a virtual neighbor traveling ahead to run the proposed

control law. R;i represents the vehicle i communication range. . . . . . . . 64



Figure 6.3 — (experiment 1) position of the vehicles over time. All agents start discon-
nected and, over time, they are capable of stabilizing the platoon. After the
exit of three vehicles simultaneously, there is a momentary split, but a new
steady state condition is reached. . . . . . . . . ...

Figure 6.4 — (experiment 1) spacing error of the vehicles over time according to the
leader. All followers start disconnected, but they can reach their forwarding
neighbors. The platoon presented a null error when three vehicles exited,
but the disturbance is quickly compensated. . . . . . . . ... ... .. ..

Figure 6.5 — (experiment 1) state behavior of the vehicles over time. After the stabi-
lization, all followers reach the stationary condition, until the disturbance,
when vehicle 7 assumes the Virtual Reference state and accelerates to reach
again the Stationary Condition state. . . . . . . . . . ... .. ... ...

Figure 6.6 — (experiment 1) speed of the vehicles over time. Even with the disturbances

caused by the disconnection, the followers were able to track the leader’s

Figure 6.7 — (experiment 2) position of the vehicles over time. The agents start connected
and the platoon moves on until 40 s when a traffic light splits it. Then, the
leader and the first 4 followers travel freely, while the rest are held at the red
light during 20 s. Even so, after the green light, the platooning formation is
reestablished. . . . . . . . . .

Figure 6.8 — (experiment 2) spacing error of the vehicles over time according to the
leader. After some members are stuck at the traffic light, they manage to
reach the vehicles ahead. . . . . . . . . ...

Figure 6.9 — (Experiment 2) Vehicle state evolution over time. After stabilization, all
followers reach the Stationary state until the traffic light event, when
vehicle 5 assumes the Virtual Reference state. At the green light, this
vehicle accelerates and returns to the Stationary state. . . . . . . . . . ..

Figure 6.10—(Experiment 2) Vehicle speeds over time. After leaving the traffic light, the
follower vehicles successfully track the leader speed. . . . . . . . . . .. ..

Figure 6.11-experiment 3) platoon composed of the leader and 9 followers implemented
in the CARLA simulator: (a) the robots start connected, but the fourth
follower (an Human-driven Vehicle (HDV)) delays its predecessors with a
low speed; . . . . . . ..

Figure 6.12—experiment 3) platoon composed of the leader and 9 followers implemented
in the CARLA simulator: (b) the HDV leaves the road . . . . . . . . . ..

Figure 6.13—experiment 3) platoon composed of the leader and 9 followers implemented
in the CARLA simulator: (c) the last agents recover connection and reaches

null spacing error. . . . . . L



Figure 6.14—(Experiment 3) Vehicle positions in the CARLA simulator. All agents start

connected. After t = 20s, the HDV splits the platoon, leaving the road at

t = 50s and allowing the predecessor vehicles to recover communication

after approximately t =70s. . . . . . . . . ... L 76
Figure 6.15—(Experiment 3) Spacing error of the vehicles with respect to the leader in

the CARLA simulator. After the initial stationary condition of the platoon,

the HDV enters and leaves the road; however, the resulting disturbance is

completely rejected by the proposed protocol. . . . . . . . . .. ... ... 77
Figure 6.16—(Experiment 3) Vehicle states in the CARLA simulator. All agents remain in

the Stationary state until the interference of the HDV, whose lower speed

forces the disconnection of follower 5. This vehicle remains in the Virtual

state until it rejoins the platoon, after the exit of the disturbing agent at

E=050s. . . . 78
Figure 6.17—(Experiment 3) Vehicle speeds in the CARLA simulator. All follower vehicles

track the leader speed before and after the exit of the HDV. . . . . . . .. 79



LIST OF TABLES

Table 5.1 — Vehicle parameters extracted from (ZHENG et al., 2019). . . . . . . .. ..
Table 5.2 — Parameters extracted from the CoppeliaSim. . . . . . . . .. .. ... ...
Table 6.1 — Vehicle parameters extracted from (ZHENG et al., 2019). . . . . . . .. ..



LIST OF ABBREVIATIONS

ADRC Approximate Distributed Robust Convergence
DAG Directed Acyclic Graph

DAGs Directed Acyclic Graphs

DoS Denial-of-Service

HDV Human-driven Vehicle

HDVs Human-driven Vehicles

LTI linear time-invariant

VANETs Vehicular Ad-hoc Network
W-MSR Weighted-Mean-Subsequence-Reduced



LIST OF SYMBOLS

R" The n-dimensional Euclidean space

R™ <™ The set of n X m real matrix

det ( .. ) Determinant matrix

® Kronecker product

X The vector is written in bold

0 Null matrix of appropriate dimension

I Identity matrix of appropriate dimension
I Identity matrix of n-th order

diag{...} Block-diagonal matrix

A Matrix A = [a;;]

AT Transpose of matrix A

* Transpose element inside of a symmetric matrix
pi(t) position of i-th follower vehicle

v; (1) velocity of i-th follower vehicle

a;(t) acceleration of i-th follower vehicle

m; mass

i efficiency

1 tire radius

g gravity acceleration

Ui friction constant

[y density

C; drag coefficient

T; torque of the actuators on the movement of the vehicle

T; desired torque



Gi

powertrain time constant
control gain vector

fixed communication time-delay between connected vehicles and

your follower
communication time-delay between the follower and the lead vehicle

communication time-delay between the i-th follower and the j-th

followed vehicle



CONTENTS

INTRODUCTION . . . . . . e e e e e e e e e e e 18
1.1 Control of connected vehicles in platoons . . . . . . . ... ... ... .... 18
1.2 Motivation . . . . . . 20
1.2.1 Reorganization of platoon after vehicle exits and entrances . . . . . . . 21
1.2.2  Vehicular Platoon under connection loss . . . . . . ... .. .. ... 22
1.3 Objectives . . . . . . 23
1.4 Thesis outline and contributions . . . . . . . . ... ..o 23
RELATED WORKS . . . . . . . . e e e e e e e e e e s 25
2.1 Autonomous ground vehicles in platoons . . . . . .. ..o 25
2.2 Resilience aplied in control of vehicles in platoons . . . . . . . .. ... ... 25
2.3 Limited communication ranges . . . . . . . ... 27
24 Graphtheory . . . . . . . 28
2.5 Distributed Control and Stability of Vehicle Platoons . . . . . . . .. ... .. 28
2.6 Reorganization of platoons . . . . . . . . ... 29
THEORETICAL FORMALIZATION . . . . . . . . it i it e 31
3.1 Longitudinal vehicle dynamics . . . . . . . .. ..o Lo 31
3.2 Network communication model . . . . . . .. ..o 32
3.3 Definitions for the steady state: Platoon formation . . . . . . . .. .. .. .. 36
HETEROGENEOUS PLATOON VEHICLES WITH FIXED COMMUNICA-
TION TOPOLOGY . . . . . o e e e e e e e e e e e e e e e e e e e 37
4.1 Decentralized Control Law . . . . . . . . . . ... o 37
4.1.1 A: Platoon free of communicationdelay . . . . . . . ... ... ... . 37
4.1.2 B: Communication with fixed constant delay . . . . . . ... ... .. 38
4.1.3 C: Communication with heterogeneous constant delay . . . . . . . .. 41
4.2 Formation error dynamics . . . . . . ... 43
4.2.1 A: Platoon free of communicationdelay . . . . . . . .. .. ... ... 43
4.2.2 B: Communication with fixed constant delay . . . . . . ... ... .. 44
4.2.3 C: Communication with heterogeneous constant delay . . . . . . . .. 45
4.3 Platoon under fixed communication topology . . . . . . . .. ... ... ... 47
4.3.1 A: Platoon free of communicationdelay . . . . . .. .. ... ... .. 47
4.3.2 B: Communication with fixed constant delay . . . . . . ... ... .. 49

4.4 Structural Properties of Local Stabilization under a Predecessor—Follower Topology 51
PROTOCOL OF RECONFIGURATION AFTER ENTRY AND EXIT OF

VEHICLES. . . . . . . e e e e e e e e 53
5.1 Resilience condition for platoon stability . . . . . . . . .. ... ... ... .. 55
5.2 Numerical examples . . . . . . . .. 56



5.2.1 Linear simulation: multiple entries and exits . . . . . . . . ... ... 56

5.2.2 Nonlinear simulation: comparative analysis . . . . . .. ... ... .. 58

6 PROTOCOL FOR RECOVERY OF VEHICLE TO THE PLATOON . . . .. 61
6.1 Problem definition . . . . . . . .. ... 61
6.2 Mainresults . . . . . ... 61
6.2.1 Proposed approach . . . . . . . . ... 61

6.2.2 Reconnection protocol . . . . . . .. ..o 63

6.2.3 Formationerror . . . . . . ... 65

6.3 Simulation and analysis results for the platoon of vehicles with communication

with heterogeneous delay. . . . . . . . . .. ..o 67

6.3.1 Simulation: disconnection . . . . . .. .. ... ... ... .. 67

6.3.2 Simulation: traffic light . . . . . ... ... ... .. ... ... 69

6.3.3 Nonlinear simulation: human-driven vehicle . . . . . . . .. ... ... 71

7 CONCLUSIONS AND FUTURE DIRECTIONS . . . ... ... ... .... 80
7.1 Conclusions. . . . . . . .. 80
7.2 Future research directions . . . . . . .. ... 81
7.3 Publications . . . . . .. 82

BIBLIOGRAPHY . . . . . e e e e e e e 83



18

1 INTRODUCTION

This chapter provides an overview of the entire thesis. The proposed approach for
the decentralized control of vehicles connected in platoons is first introduced, highlighting
the formation error as the main performance variable and its modeling through graph-based
augmented state-space representations. The motivations and objectives of this research are then
presented, followed by a summary of the main contributions and an outline of the organization
of the thesis.

1.1 Control of connected vehicles in platoons

The cooperation between autonomous vehicles in urban traffic and road transport,
organized in platoons, is an intelligent solution for greater safety, time savings, energy efficiency
(Pl et al., 2023), and consequently lower pollutant emissions (LI et al., 2015). The growing
demand for efficient and safe transportation systems in urban and highway scenarios has
fostered extensive research on autonomous vehicle platoons (LIU; KAMEL, 2016; GAO; DANG;
LI, 2015; JIN; OROSZ, 2016; XU et al., 2018).

From the perspective of control theory, the concept of self-recovery explored in this thesis
is associated with the stability properties of interconnected systems, particularly their ability
to reorganize and recompose vehicle formations under a consensus-based strategy (SILJAK,
1978; MESBAHI; EGERSTEDT, 2010; BULLO; CORTES; MARTINEZ, 2009a). Platoon
stabilization is achieved when a decentralized control approach enables each vehicle to regulate

its motion and relative spacing within the formation based on locally available information.

A representative scenario addressed in this work occurs when a vehicle leaves the
platoon. Assuming that all vehicles are initially at the desired spacing from their predecessors,
the departure of one vehicle creates an increase in the inter-vehicle distance for the following
vehicle, which acts as a disturbance in the system. This disturbance gives rise to a spacing
error, arising when relative position information is updated to account for the new preceding
vehicle. The decentralized control law, once updated with this new local information, enables
the self-recovery of the spacing error through cooperative interaction among vehicles (GUNGOR
et al., 2020).

Platoons can be viewed as a particular class of networked robotic systems, emerging at
the intersection of robotics and control engineering, in which each vehicle follows its predecessors
by exchanging information and executing automated control algorithms (Hu et al., 2020).
The progressive automation of vehicular fleets enhances autonomy with respect to human
driving and enables tighter integration with other traffic agents and infrastructure, fostering

cooperative behavior aligned with consensus objectives.
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In this context, vehicles rely on onboard sensing and communication systems to obtain
information such as position, velocity, and acceleration from neighboring vehicles. Such variables
may be obtained through onboard sensors, such as sonar or infrared devices, or through wireless

communication by transmitting measurements from preceding vehicles.

This work adopts predecessor—follower (or look-ahead) communication topologies, in
which each vehicle receives information only from vehicles ahead. Such topologies are particularly
attractive due to their practical relevance and their suitability for analytical treatment using
classical control theory, allowing rigorous proofs of spacing error convergence to zero (FENG et
al., 2019).

Beyond coordination benefits, close inter-vehicle spacing also contributes to improved
traffic flow efficiency and reduced aerodynamic drag, leading to energy savings. The nonlinear
nature of longitudinal vehicle dynamics, in part due to aerodynamic effects, motivates the use
of feedback linearization to obtain adequate linear models for control design within the scope

of linear time-invariant (LTI) systems considered in this thesis.

The developments presented throughout this thesis extend control conditions commonly
applied to homogeneous platoons, enabling their application to formations composed of vehicles

with heterogeneous characteristics.

To better reflect realistic operating conditions, this work considers limited communication
ranges that may vary among vehicles, leading to heterogeneous connectivity conditions within
the platoon. Based on the information received from neighboring vehicles located within the
communication radius, the control law is computed according to a consensus strategy on the

inter-vehicle spacing among connected agents.

A platoon is initially conceived as a system composed of a finite number of vehicles,
forming a closed group in which all members are known. The proposed methodology models
the communication network using graph theory, where the leading vehicle is indexed as i = 0,

and the following vehicles are indexed from i = 1 to the n-th vehicle in the queue.

By adopting a decentralized control approach and performing appropriate algebraic
manipulations—together with properties of triangular matrix determinants—it follows that each
vehicle can be governed by a control law that depends only on local information exchanged
with its neighboring vehicles. Consequently, platoon formation and maintenance rely on the

stabilization of the spacing error of each vehicle with respect to its neighbors.

Since communication networks are inherently imperfect, delays arise in the transmission
of state information between vehicles. These delays may originate from onboard sensing
processes or from wireless communication links. When a vehicle receives relative position

measurements from a neighboring vehicle, this information typically arrives with a delay.

The analysis and design of the proposed control laws therefore account for scenarios

without delay, with fixed delays, and with heterogeneous delays. Classical control tools are
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employed to ensure stability, with control gains selected according to the Routh—Hurwitz

criterion, providing guarantees of asymptotic stability and bounds on admissible delay values.

Finally, two complementary resilience mechanisms are considered. The first addresses
platoon reconfiguration following vehicle entry and exit events, aiming to preserve stability
under structural changes. The second concerns the recovery of vehicles that temporarily lose
communication due to limited sensing or communication range, enabling their reconnection and
reintegration into the platoon. Together, these mechanisms provide a foundation for resilient
and scalable control of heterogeneous vehicular platoons, which is further developed in the

subsequent chapters.

1.2 Motivation

The motivation for this work arises from the potential application of control engineering
techniques to the coordination of autonomous vehicles organized in platoons for the transporta-
tion of people and freight (cargo). Such coordination aims to contribute to traffic efficiency by
alleviating congestion and reducing the stress associated with low-speed driving conditions in

urban and road environments.

To reflect realistic traffic scenarios and promote diversity in platoon formation, this
thesis considers vehicles with different dynamic characteristics, giving rise to the concept of
heterogeneous vehicle platoons. Any vehicle equipped with automatic longitudinal control,
appropriate actuators, and sensing or communication capabilities to identify and exchange

information with preceding vehicles may become part of a platoon.

Through the use of distributed controllers, control theory provides the necessary tools
to regulate the motion of each vehicle autonomously while maintaining coordination with the
overall platoon objectives. A key assumption adopted in this work is that each vehicle governs
its motion using only local variables obtained from neighboring vehicles, without reliance on

global or centralized information.

To further enhance realism, limitations on the communication range of each vehicle are
explicitly considered. Additionally, imperfections inherent to communication networks are taken
into account, such as the presence of information delays. These constraints reflect practical
conditions encountered in real vehicular communication systems and motivate the development

of robust distributed control strategies.

Another central motivation of this thesis is to ensure the resilience of vehicular platoons
in the presence of structural changes and adverse communication conditions. Specifically,
the platoon should be capable of autonomously recovering its desired formation following
vehicle entry and exit events, as well as after complete communication loss caused by limited
communication range. The objective is to maintain the desired inter-vehicle spacing and

functional integrity of the platoon regardless of the number of participating vehicles.
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To clarify these motivations, two illustrative scenarios are introduced in the following
subsections. The first concerns the reorganization of the platoon following the entry and
exit of vehicles, while the second addresses situations in which a vehicle temporarily loses

communication with the platoon due to limited communication range.

1.2.1 Reorganization of platoon after vehicle exits and entrances

It is common in platooning scenarios that one or more vehicles need to leave the group
due to mechanical issues, route changes, lane selection, unplanned stops, or individual driving

decisions that differ from those of the remaining platoon members.

From a broader perspective, vehicles that were not originally part of the platoon
may also request to join the formation, provided they are equipped with appropriate sensing,
communication, and automation capabilities. Such vehicle entry and exit events introduce
structural changes in the platoon configuration and must be handled without compromising
stability.

Figure 1.1 illustrates the platoon reorganization process considered in this thesis.

In the first frame, the platoon is depicted in a steady-state configuration, with the
leader (red truck) defining the reference velocity. In the second frame, the yellow truck exits
the platoon, creating a gap in the formation. As a result, the remaining vehicles autonomously

adjust their inter-vehicle spacing, forming a shorter platoon.

After reaching a new equilibrium condition, the platoon receives a request for the entry
of a new vehicle (blue truck), which approaches from an adjacent lane. In the subsequent
frames, the vehicles incorporate the information associated with the new member and reorganize

the formation accordingly.

This entire process is carried out in a distributed and autonomous manner, with each
vehicle relying solely on local information exchanged with neighboring vehicles. The optimization
variable, defined as the inter-vehicle spacing error, converges to zero, preserving platoon stability

throughout the reorganization process.
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Figure 1.1 — The platoon must reorganize itself to fill /'vacate some spots, keeping stability
and ensuring the desired inter-vehicle space in steady-state.

1.2.2  Vehicular Platoon under connection loss

In practical vehicular communication networks, connectivity is subject to limitations
and failures. A particularly critical situation arises when a vehicle, or a subset of vehicles, loses
communication with the platoon due to limited communication range or adverse operating

conditions.

In such cases, it is essential that the affected vehicle be able to autonomously respond
to the loss of connectivity, modifying its operational mode in order to recover communication

and reestablish its participation in the platoon, while preserving system stability.

Figure 1.2 presents a representative scenario in which communication loss leads to the

segmentation of a heterogeneous vehicular platoon.

When communication is lost, the affected vehicle may no longer receive the information

required to compute the distributed control law under the nominal platooning mode. Without
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appropriate corrective actions, this situation may compromise the maintenance of the desired

formation.

To address this issue, this thesis considers a recovery strategy in which the control law
is modified to enable the disconnected vehicle to regain connectivity and reintegrate into the

platoon.

The proposed approach allows the desired formation to be restored after communication

loss, ensuring platoon resilience under realistic communication constraints.

0ii1 di—1,1 01,0
[ >|< >|< >|
// \\\ // // \\\ /UO(t) \\\
/ e
\ [ 0 [ N \ \
S | P h .
agent; agent; 1 agent leader
// // \\\ // \\\ Uo(t) \\\
4 Eme\ \ \ \
,mme '
&y ‘o0 o - Y
agent; agent;_1 agent leader

Figure 1.2 — Heterogeneous vehicular platoons under limited communication range and
time-delay: when a vehicle, or a subset of vehicles, loses connection with
the team, it must be able to re-connect, maintaining the original formation.

1.3 Objectives

a) To develop a distributed control framework for the formation of heterogeneous

autonomous vehicles organized in platoons;

b) To design reorganization protocols that preserve platoon stability under vehicle entry

and exit events;

c) To develop recovery strategies for vehicle reintegration into the platoon under

communication constraints, including limited communication range and time delay.

1.4 Thesis outline and contributions

This thesis is organized into seven chapters, following a continuous methodological
progression from problem formulation to the development of control strategies and their analysis

under realistic communication constraints.
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Chapter 1 introduces the research problem, providing the motivation, objectives, and
scope of the work. It also presents illustrative scenarios that highlight the challenges associated

with vehicle platoon formation, reorganization, and recovery under communication limitations.

Chapter 2 reviews the relevant literature on vehicle platoons, distributed control strate-
gies, communication topologies, limited communication ranges, graph-theoretic modeling, and

stability analysis.

Chapter 3 presents the modeling and problem formulation adopted in this thesis. This
chapter describes the longitudinal dynamics of individual vehicles, the communication network
modeled using graph theory, and the definition of the formation error used as the main control

objective.

Chapter 4 addresses the design and analysis of distributed control laws under fixed
communication topology. Stability conditions are derived and analyzed for scenarios without

communication delay, as well as for cases with fixed and heterogeneous communication delays.

Chapter 5 presents a reorganization protocol that enables the platoon to preserve
stability following vehicle entry and exit events. Numerical simulations are provided to validate

the effectiveness of the proposed approach.

Chapter 6 introduces a recovery protocol that allows a vehicle to reintegrate into
the platoon after communication loss caused by limited communication range. The chapter
includes analysis and simulation results demonstrating the resilience of the platoon under such

conditions.

Finally, Chapter 7 summarizes the main results of the thesis, highlights the achieved

objectives, and discusses possible directions for future research.
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2 RELATED WORKS

This chapter presents a literature review and fundamental concepts that form the basis
of this thesis. The discussion focuses on resilience, cooperative autonomous vehicles, and
platoon control, with particular emphasis on communication constraints such as topology

changes, time delays, and limited communication ranges.

2.1 Autonomous ground vehicles in platoons

Research and development efforts on autonomous ground vehicles operating in platoons
have increased in recent years. Platoons can be seen as vehicles organized into groups
for transport, travel, or in traffic jam conditions. The vehicles, to maintain formation, are
equipped with propulsion and braking automation to control their movement. In addition, a
communication device is necessary, with reception or measurements of the variables, to update
the control law and thus maintain fixed distances from the other vehicles in the group. As the
control is decentralized, the consensus law input information comes from the vehicle itself and
from the variables measured and transmitted by other vehicles in the vicinity, within a limited
connection distance. Due to the complexity involved, the control of this type of system is
divided into stages, from the modeling of the individual dynamics of the vehicles, the modeling
of the connections network, and finally the design and tuning of the controller of each vehicle.
In (Dey et al., 2016), the authors provide an overview of the literature on platoons, covering
the following subjects: communication structures, driver interference, and control strategies

ranging from modeling to controller design.

The project to control connected vehicles in a resilient manner must be fault-tolerant
and mitigate effects that may destabilize the platoon, considering technological limitations
such as imperfect network effects, as well as structural changes in the communication topology,

and human interaction.

2.2 Resilience aplied in control of vehicles in platoons

The failures and technological limitations that are part of the real world scenario can
make the platoon unstable. Considering connected vehicles as robots in a communication
network, we can treat platoon stabilization with the concept of robotic resilience. In (ALEXIS,
2020), robotic resilience is divided into three areas of study: robustness, redundancy and

resourcefulness.

Robustness is related to the ability of the system to absorb or withstand unpredictable

disturbances or adverse situations. Meanwhile, redundancy concerns the capacity of maintaining
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the core functionality of the system by backing up its components. And finally, resourcefulness
addresses the ability of the system to adapt to changes or evolving operational conditions.
This aspect is particularly relevant in the context of platoon reconfiguration and distributed

operation.

Resourcefulness represents the main challenge in ensuring resilient autonomy in adverse
environments. Changes in the platoon structure (planned or not) may lead to critical situations,
such as collision, lack of network connectivity, or internal instability. In the paper (Antonelli;
Chiaverini, 2006) the authors work with the formation of multi-robots proposing a controller
to deal with obstacles. In this context, resilient platoons have attracted the attention of the
community because of situations that can affect team performance. The authors of (Parkinson
et al., 2017), for example, describe weaknesses in vehicle components, human interaction and
communication network infrastructure and strategies to deal with these problems. In (PIRANI et
al., 2018), the authors propose a control algorithm for k-nearest neighbor platoons modeled as k-
connected graphs, ensuring resilience by employing the W-MSR algorithm (LeBlanc et al., 2013)
against up to k malicious or failing agents. These results are derived under the assumption of
strong network connectivity, which characterizes a specific class of resilient platooning problems.
Other classes of problems arise when connectivity conditions are relaxed or subject to structural
changes. Redundancy is another resilience aspect considered in platoon missions. In (Patounas;
Zhang; Gjessing, 2015), for example, the authors use a protocol to propagate redundant data
among the agents, being able to confirm the information of its neighbors and reduce team
vulnerability. In (Abunei et al., 2019), redundant low-cost communication devices are used with
the same goal. In both papers, heterogeneity and reconfiguration changes are not mentioned.
Upon addressing networked robotic topologies, the authors of (PARK; HUTCHINSON, 2017)
considered the rendezvous problem. Under appropriate connectivity conditions, the proposed
Approximate Distributed Robust Convergence (ADRC) algorithm ensures the convergence of
the agents to a region in the workspace, even if faulty robots are present, which can be outright
malicious. Nevertheless, these approaches are not suitable for platoon reorganization, since
misinformation from malicious (or faulty) agents remains part of the network. Concerning
connectivity management, a switching strategy is applied by (SAULNIER et al., 2017) to ensure
that the network of agents stays above a critical resilience threshold. However, there is a

limitation concerning access to the global properties of the graph.

Many works investigate more complex information flow topologies to improve perfor-
mance, where the agent receives information from a set of neighbors, instead of only sensing the
immediate preceding vehicle. Associated drawbacks are the possibilities of network disturbances,
like Denial-of-Service (DoS) and communication delays, requiring robust control laws and
resilient protocols. DoS mitigation strategies for platoons are presented as a hybrid controller
in (Merco; Ferrante; Pisu, 2019), as a linear control law with estimators in (BIRON; DEY;
PISU, 2017), and as a fuzzy controller in (NOEI et al., 2016).



Chapter 2. Related works 27

The paper (SEN; MATOLAK, 2008) provides information on experiments performed
on V2V (Vehicle to Vehicle) communication that help in choosing communication delay
values for the models used. On the other hand, effects of communication delay on platoons
have been studied for second-order systems in (GHAEDSHARAF; SOMARAKIS; MOTEE,
2018), considering constant time-delay and exogenous noise, and in (Li et al., 2019; Zhang;
Orosz, 2016), considering heterogeneous time-varying delays and nonlinear spacing policies.
Also, third-order systems subject to constant and time-varying delays have been studied
in (LIU et al, 2018; YANG et al., 2019; Souza et al., 2019; ELAHI; ALFI; MODARES,
2022), respectively. Heterogeneous platoons with switching topologies and time-varying
communication delays have been faced in (CHEHARDOLI; HOMAEINEZHAD, 2017). In
common, the aforementioned works consider platoons composed of a fixed number of vehicles
and analyze resilience under predefined communication and interaction structures. As discussed
in (ALEXIS, 2020), such formulations are closely related to robustness-oriented resilience,
where the focus lies on maintaining stability under disturbances rather than on accommodating

structural reconfigurations.

2.3 Limited communication ranges

Due to technological limitations involving electronic circuits and obstacles in real-world
scenarios, both communication and sensing ranges are inherently limited. Another constraint is
the limited communication ranges in mobile networks. Limited sensing capabilities are addressed
in (GUO; YUE, 2012), considering sensors like sonars and radars, which have sensitive and
non-sensitive zones, both defined by their detection capability. The proposed conditions ensure
string stability whenever some agents travel within the detection ranges of others. Similarly,
(MIDDLETON; BRASLAVSKY, 2010) investigates the effects of a limited range of forwarding
and backward communication on string stability. However, these works focus on string stability
under fixed communication assumptions and do not explicitly address scenarios involving
changes in platoon composition. Disconnection has been recently addressed in the context of
Vehicular Ad-hoc Network (VANETS) in (Huang; Tseng, 2018), where authors use temporary
relay information to keep the system connected, while internal stability aspects are not explicitly
addressed.

The authors of (ZHENG et al,, 2019) treat the heterogeneity of the platoon by
considering different inertial time lags for ground vehicle power trains. Similarly, in our previous
work (NETO; MOZELLI; SOUZA, 2019), we used the same parameter to model air-ground
cooperative platoons. In this article, however, a more realistic scenario structure is studied,

allowing heterogeneous vehicles with limited communication ranges.

The thesis (SAVINO, 2016) presents concepts from the consensus theory of multi-agent
systems that we use as techniques for calculating the control law of each agent seen as a
vehicle that is part of the platton. In (GRAVINA, 2017) the consensus theory is applied to
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homogeneous platoons of connected vehicles. Heterogeneity among platoon agents can be a
possible source of instability, demanding robust control strategies as demonstrated in (Zhang;
Orosz, 2016; CHEHARDOLI; HOMAEINEZHAD, 2017).

Regarding connectivity management, a switching strategy is applied in (SAULNIER et
al., 2017) ensuring that the resilience on the agents network stays above a critical threshold.

However, it has the shortcoming of needing access to the global properties of the graph.

2.4 Graph theory

Graph theory provides a mathematical framework for modeling the communication
topology used in information exchange among vehicles. By representing agents as nodes and
communication links as directed edges, graph-based models are widely employed in platoon
control, where the exchanged information typically includes position, velocity, and acceleration

variables.

For information flow originating from predecessor vehicles, look-ahead communication
networks are commonly modeled using directed graphs oriented from the leader to the last
follower. In this context, directed acyclic graphs (Directed Acyclic Graphs (DAGs)) have been
employed to represent both homogeneous and heterogeneous platoons in (Yan et al., 2012;
BIAN et al., 2019; ZHENG et al., 2019).

The impact of DAGs on the performance of consensus algorithms is analyzed in (Zhang;
Chen; Mo, 2017), where different directed topologies are evaluated with respect to convergence

properties.

Directed graphs have also been considered in (SANTINI et al., 2019), in which the
authors formally prove the stability of a control law under topology changes associated with
vehicle insertion or disengagement. These results are obtained under the assumption that

communication links among the involved vehicles are preserved.

Another challenge arises in mixed traffic scenarios, where autonomous and human-driven
vehicles coexist. In (ZHOU et al., 2019), a car-following strategy is investigated for strings
composed of both vehicle types, in which autonomous agents receive distance, velocity, and
acceleration information from the preceding vehicle. Stability is analyzed in the frequency
domain by identifying predominant acceleration frequencies of human-driven vehicles through

FFT-based analysis of experimental data.

2.5 Distributed Control and Stability of Vehicle Platoons

Distributed control of vehicle platoons has been widely investigated as a scalable
alternative to centralized coordination architectures (BULLO; CORTES; MARTINEZ, 2009b;
MESBAHI; EGERSTEDT, 2010). In this context, each vehicle computes its control action
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using locally available information, typically obtained from onboard sensors and communication
with neighboring vehicles. This paradigm reduces communication requirements, mitigates single
points of failure, and naturally accommodates variations in platoon size, making it suitable for

realistic traffic scenarios.

Early studies on longitudinal platoon control established fundamental stability concepts
and performance limitations associated with inter-vehicle interactions. In particular, classical
works introduced the notion of string stability to characterize how disturbances propagate along
a vehicle chain and highlighted the importance of appropriate feedback structures to prevent
amplification effects (SWAROOP; HEDRICK, 1996). These results provided a theoretical
foundation for understanding platoon behavior under decentralized control laws and influenced

subsequent developments in cooperative vehicular systems.

With the advent of vehicle-to-vehicle communication, consensus-based formulations
emerged as a powerful framework for platoon coordination. By modeling the platoon as a
networked multi-agent system, graph-theoretic tools have been employed to analyze convergence,
stability, and robustness properties under different communication topologies (OLFATI-SABER;
FAX; MURRAY, 2007; REN; BEARD, 2008). In this setting, predecessor—follower structures
have received significant attention due to their simplicity and compatibility with local information

exchange, while still allowing formal stability analysis.

More recent contributions extended these frameworks to address practical challenges such
as communication delays, packet losses, and heterogeneous vehicle dynamics. Several studies
demonstrated that stability and formation maintenance can be preserved under bounded delays
and limited communication ranges, provided that suitable control gains and interaction structures
are adopted (PLOEG et al., 2014). These results reinforce the relevance of decentralized
strategies for real-world platooning applications, where ideal communication assumptions are

rarely satisfied.

Despite the extensive literature on distributed platoon control, different studies place
emphasis on distinct aspects of stability and performance. While many works focus on global
convergence properties and collective platoon metrics, other approaches investigate how specific
communication topologies influence the local stabilization of individual vehicles. In this context,
the present work complements existing studies by examining how, under a predecessor—follower
configuration, stability and coordinated behavior arise from locally regulated dynamics without

requiring explicit knowledge of the full platoon model.

2.6 Reorganization of platoons

Platoon reorganization arises as a consequence of interaction maneuvers among different
vehicle groups, such as split and merge events or the entry and exit of vehicles from the

formation. These maneuvers typically involve changes in inter-vehicle spacing, as well as
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temporary disconnections and reconnections within the communication topology.

Regarding structural reorganization, high-level management protocols have been pro-
posed to coordinate merge and split maneuvers. In (AMOOZADEH et al., 2015), a supervisory
protocol incorporating merge and split operations combined with lane changes is presented,
with the objective of improving road utilization by managing platoon length. While simulation
results support the feasibility of these maneuvers, low-level stability analysis and dynamic

consequences of reorganization are outside the scope of that study.

Similarly, (PARANJOTHI; ATIQUZZAMAN; KHAN, 2020) describes a protocol for
vehicle entry into platoons without addressing low-level control aspects. The impact of merge
and lane-change maneuvers on different platoon positions is evaluated in (Maiti et al., 2020),
where it is shown that, under low traffic conditions, vehicles entering the middle of the platoon
require longer stabilization times than those joining at the front or tail, however, stability

analysis is not explicitly considered. A comprehensive review of merge and split control protocols
is presented in (BADNAVA et al., 2021).

Fusion maneuvers combining longitudinal and lateral control with high-level coordination
strategies are addressed in (GOLI; ESKANDARIAN, 2020). Most of these works focus on
homogeneous platoons and assume unlimited communication ranges. Extensions to heteroge-
neous platoons with variable time delays and limited communication ranges are considered in
(WANG; WU; BARTH, 2017), although the analysis is restricted to early topologies involving

a single follower.

A central objective in platoon reorganization is the preservation of string stability during
transitional phases. While several studies address stability under idealized conditions, fewer
works explicitly consider the combined effects of human-driven vehicles, mixed traffic, and

communication failures in the controller design process (BADNAVA et al., 2021).

Robust control approaches based on Hs theory have also been employed to analyze and
mitigate disturbance propagation in vehicle platoons. In (ZHENG et al., 2018), the influence
of communication topology on platoon stability is investigated using Hes norms, leading to
performance insights for large-scale formations. Mixed traffic scenarios are addressed in (ZHOU
et al., 2019), where string stability criteria and controller synthesis methods account for the
dominant acceleration frequencies of human-driven vehicles. Distributed He control strategies
accommodating communication delays, packet losses, and topology uncertainties are further
explored in (ELAHI; ALFI; MODARES, 2022).
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3 THEORETICAL FORMALIZATION

This chapter presents the fundamental aspects related to the modeling of the problem
addressed in this thesis. First, a model for the longitudinal dynamics of the vehicles is introduced.
Then, a graph-theoretic framework is employed to describe the communication network among
vehicles. The chapter concludes with the definition of the controlled variables for platoon
formation. These variables, associated with spacing and cruising speed errors, converge to zero
in steady state, ensuring BIBO (Bounded-Input Bounded-Output) stability of the formation

error dynamics.

3.1 Longitudinal vehicle dynamics

The individual vehicle longitudinal dynamics model is obtained from (RAJAMANI, 2011,
RAJAMANI; RAJAMANI, 2012),similarly to (Souza et al., 2019), our platoon is composed
of vehicles whose longitudinal dynamics is ruled based on the following assumptions: bodies
are rigid and symmetrical; longitudinal sliding of tires is disregarded; wind effects are not
considered; and the three dimensions of movement, pitch, yaw and roll moments do not affect

the longitudinal navigation.

The main forces influencing the longitudinal motion of a land vehicle are considered
in the modeling process. Each vehicle is assumed to be equipped with an engine capable of
generating rotational energy, which is transmitted to the wheels. In addition, dissipative forces

due to aerodynamic drag and friction are taken into account.

In such conditions, the dynamics of the i-th vehicle in the team is:

Ui(t) - Pz(t)/
; 1
ma;(t) = %Ti(t) — EpCiv%(t) — migu;, (3.1)
1

where m; is the mass, #; is the motor efficiency, 7; is the tire radius, g is the gravity acceleration,
H; is the friction constant, p is the air density, and C; is the drag coefficient (proportional to
the frontal area of the vehicle). And the variables related to the movement of vehicles are:
pi(t) is the position, v;(t) is the velocity and a;(t) is the follower vehicle acceleration. The
torque T; of the driving/braking actuators is given by the first-order dynamics associated with

the desired torque Ti,
6iTi(t) = T;(t) — Ti(t), (3-2)
with ¢; being the powertrain time constant. Although the control input u; appears in the

acceleration dynamics, it does not correspond to a direct jerk command, but rather to a

filtered input acting on the longitudinal acceleration through the powertrain dynamics. Further,



Chapter 3. Theoretical Formalization 32

manipulating (3.1) yields

r, 1
Ti(t) = — (miﬂi(f) +migpi + EPiCiU?(f)) and

Ui

Ti(t) = ;— (milzi(t) + piCivi(t)ai(t)> |

Then the vehicle dynamics can be linearized by the following control law (see (Souza et
al., 2019) and references therein)

~ ri 1

Ti(t) :17_~1 (PiCiUz’(t) (Giﬂi(f)JrEUz‘(t)) +mz’g.”i+mi”i<t)) ,
1

where 1; is a new control input used to regulate the vehicle acceleration in order to maintain

the desired inter-vehicle spacing. Substituting the latter equations into (3.2) yields ¢;a;(t) =

—a;(t) 4+ u;(t), showing that the control input u; governs the acceleration dynamics.® Therefore,

by defining the state vector x;(t) = [p;(t) v;(t) a;(t)]", the i-th vehicle dynamics can be

written in state-space form as the third-order linear time-invariant model (3.3).
x;(t) = Ajx;(t) + Bju;(t), with (3.3)

01 O

0

A= 00 11 , B; = (1) ,xi(t) = | v t) |-
00 — —
Gi Gi

This third-order model captures position, velocity, and acceleration dynamics, which are

sufficient to describe longitudinal platoon behavior under the considered operating conditions.

3.2 Network communication model

The model described hereafter considers nominal operating conditions, under which
the platoon is composed of a constant number of vehicles and a fixed communication network
topology. Accordingly, DAGs are used to model the communication network of the heterogeneous
platoon. Generally speaking, a Directed Acyclic Graph (DAG) is a finite directed graph with
no directed cycles and admitting a topological ordering among its vertices. It is a convenient
property on vehicular platoons because, if an agent only receives information from hierarchically
superior (predecessor) neighbors, it is not influenced by failing successor agents, thereby
improving the resilience of the formation, see, e.g., (BIAN et al., 2019) and (ZHENG et al.,

1

Although the control input u©; does not explicitly represent jerk, it effectively acts on the time derivative
of the acceleration. As a result, the closed-loop behavior implicitly regulates jerk, which is known to be
relevant for ride comfort and smooth longitudinal motion.
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LEADER
i=o

Figure 3.1 — Example: direct graph — > connections communication topology of the
vehicles in a platoon formed by five follower vehicles (i = 1,...,5) plus the
leader (i = 0).

2019). In other words, DAGs can be used to model predecessor-follower topologies subject to

limited communication range, as follows.

Formally, a DAG is defined by a graph G = {V,£}, composed of n + 1 nodes
V = {vy,v1,V2,...,Vn}, and a set of edges € C V x V. The edge set & represents only the

active communication links determined by the communication range constraints.

Here, we assume a topological ordering vg,v1, 13, ...,Vy, such that, for every directed

edge ¢;; = (v;,v;) € £, we have i > j. By definition, vertex vy constitutes the platoon leader.

The existence of each edge e;; is conditioned by the longitudinal distance between v; and
vj, whose positions are given by p; and p;. If this distance is smaller than the communication
range R;, whose reference point is given by the rear bumper of the vehicle i, to the rear bumper

of the predecessor vehicle, we have a directed edge (v;, 1/]‘) ef.

The matrices n X n associated with the graph G: Pinning, Adjacency, Degree, and
Laplacian are used to describe a communication topology. The G graph matrices (square of
order n equal to the number of following vehicles) are presented in the following topics. After
each instruction on how to obtain the matrices associated with G, an example of assembling
a numerical matrix is presented according to the connection topology of the vehicles of the

platoon represented in the figure 3.1 composed of five followers vehicles and the leader.
Pinning Matrix P

The pinning matrix denotes the communication link between the leader and other
follower vehicles. It is a diagonal matrix with entries that depend on the communication range
of each follower vehicle. When the distance between the i-th vehicle and the leader is less than

the sensor range of the i-th vehicle, the position (i,i) of the diagonal of the pinning matrix is
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set to a value equal to 1, so that

1 if (po—pi) <R Vi=1,...n,

0 otherwise,
where the index O represents the leader vehicle (pg is the position variable of this first vehicle
in the platoon) and R; represents the sensor range of each follower.
Example for Matrix Pinning:

The green arrow in figure 3.1 indicates that vehicles i = 1 and i = 3 receive information
from the leader. Then the pinning matrix has the coordinates (1,1) and (3,3) set to 1 and its

other positions are zero.

10000
00000
P={00100
00000
0000 0

Another format to present the pinning matrix using Q¥ € R"*" that is an single-entry
matrix, where the only non-null element is equal to 1 and it is located at i-th row and the j-th

column:

P=) P, =) QP cR™

n
i=1 i=1
Adjacency Matrix M

The adjacency matrix M indicates the sharing links among the follower vehicles, whose

possible non-zero entries are

L if (pj—pi) <Ry,

0 otherwise,

where, in the topological order, j-th vehicle precedes the i-th one, i.e. i > j.
Example for Matrix Adjacency:

In the communication topology of figure 3.1 the orange arrow indicates the commu-
nication link between vehicles in blue receiving information from predecessor vehicles also in
blue that are within their communication ranges. The adjacency matrix is obtained by setting
column j to 1 for each predecessor vehicle that sends information to 7, i.e. to fill line 3, referring

to vehicle i = 3, columns 1 and 2 are set to 1. Filling each line i of the adjacency matrix in
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relation to the respective follower and doing this for all vehicles, a matrix is built lower triangle.

00000
10000
M=|110 0 0|
11100
00010

Degree Matrix D

The degree matrix D is a diagonal with the elements

Example for Matrix Degree:

The matrix degree is obtained as the result of the sum of each line of the adjacency

matrix in the position corresponding to the i of the diagonal.

000O0O O
01000
D=(0 0200
000360
0 0 0 0 1}
Laplacian Matrix L
The Laplacian matrix is
L=D-M
Example for Matrix Laplacian:
[0 0 0 0 O]
-1 1 0 0 O
L=|-1 -1 2 0 0f.
-1 -1 -1 3 0
| 0 0 0 -1 1

This graph-based model is subsequently used to analyze the stabilization of the spacing
error dynamics of the platoon vehicles described by the linear model (3.3). Since the communi-
cation topology is directed, the resulting Laplacian matrix is generally non-symmetric, and the
stability analysis relies on the structure of the predecessor—follower interconnection rather than

on spectral symmetry.
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Figure 3.2 — Metric parameters in the platoon. The position p; of the i — th vehicle is
referenced on its rear bumper. The vehicle i must keep the fixed distance
d;i—1 = 7vi +{; from its first inmediately preceding neighbor, the distance
dii—p = vi+ i+ vi_1+ {i_1 to its second immediately preceding neighbor
(i —2), and so on.

3.3 Definitions for the steady state: Platoon formation

The platoon is considered to be in steady-state formation when each vehicle maintains
the desired distance from its immediately preceding vehicle. Stability refers to the property
that this condition is reached asymptotically over time. As a mathematical abstraction, the
spacing error employed in the control formulation is defined as As a mathematical abstraction,

the spacing error variable for optimization is defined as

ei = pi-1(t) —pi(t) —li—vi, i=1,...,N (3.4)

where N denotes the number of follower vehicles, and p; and p;_; represent the longitudinal
positions of vehicle i and its immediate predecessor, respectively. As shown in the figure 3.2
the length of each vehicle is ¢; and the desired distance 7; is the spacing among the vehicle i
and 1 — 1.

The velocity error Ev; is defined as the difference between the velocity of the i-th

vehicle and the cruising velocity of the leader vy, i.e.,
Ev,- = 0; — 0p. (3.5)

Stability of the platoon formation is achieved when both the spacing error and the cruising

velocity error converge to zero, that is,

lim ei(t) =0, lim Evi(t) = 0. (36)

t—o00 t—o00
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4 HETEROGENEOUS PLATOON VEHICLES WITH FIXED COMMUNICATION
TOPOLOGY

This part of the thesis presents the main results on decentralized control of vehicle
platoons, organized into three chapters. Chapter 4 introduces the low-level control hierarchy
and presents formulations for decentralized control laws applied to platoons composed of
vehicles with heterogeneous dynamics. In addition to the control formulation and stability
analysis, this chapter provides the basis for discussing structural properties arising from the

adopted predecessor—follower communication topology.

In the subsequent chapters, the contributions of this work are addressed at a higher level
of the control hierarchy. Chapter 5 presents a protocol for platoon reconfiguration in response
to vehicle entry and exit events. Chapter 6 introduces a recovery protocol that enables a
vehicle to recompose the platoon after communication loss, which may occur when inter-vehicle

distances exceed the sensing or communication range.

Within this context, Chapter 4 presents the decentralized control law developed for
vehicle platoons under three communication scenarios: without communication delay, with
fixed communication delay, and with heterogeneous fixed delays. The chapter is organized
into three main parts. First, graph-theoretic tools are employed to construct the augmented
system matrices resulting from the interconnection of individual vehicle models. Based on this

formulation, the decentralized control law is expressed in an augmented matrix form.

In the second part, the dynamics of the augmented formation error are derived and
analyzed. Finally, Theorem 4.1 establishes admissible gain limits for the decentralized control
law applied to each vehicle in the platoon, considering a fixed communication topology defined

by the sensing range of the vehicles and the absence of communication delays.

4.1 Decentralized Control Law

4.1.1 A: Platoon free of communication delay

In this work, each vehicle in the platoon is conducted by the local control law:

wi(t) = —Kui(t) = =K; Y (x(h) = xi() +55), (4.1)

JEN;
where K; = [Kll Ké Ké} is the control gain vector, and in §;; = [dij 0 0} T, djj is the
constant desirable rear bumper-to-rear bumper distance between the vehicle i and all j € N;.
The set N is composed of all vehicles that share information with the vehicle i along the
transient regime until the platoon achieves the desired formation. In other words, the constant

spacing policy implies that fixed distances between vehicles must be ensured in steady state.
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Since we are dealing with heterogeneous agents, this inter-vehicle space may be different for
every pair (i,]).
In order to assemble the platoon control model, initially, we apply the control law (4.1)
in (3.3), which yields
Xi(t> = AiXi(t) — Fl-u,-(t), (4.2)
with F; = B;K;. Therefore the augmented longitudinal dynamics of the formation can be

described as:
X(t) = AX(t) + BU(t), with (4.3)

T T
X(t) = [xlT(t) xg(t)] , and U(t) = [ulT(t) u,f(t)] (4.4)

are the augmented state and control vectors of the n-vehicles platoon, respectively,

Y, (Q;®A;) =diag{A1,Ay,--- Ay} and
Z?:l (Ql 029 Fl) - diag{FleZI te /Fn}/

o )
I

where (); is a single-entry 1 X n matrix which the non-zero entry is equal 1 in the i-th diagonal

position.
Now, considering that J;; = dp; — dpj, the control law (4.1) can be rewritten as the
augmented vector:
U(t) =— [(P+D) @] X(t) + M®I3)X(t)
+ (P®1I3) Xo(t) — [(P+D —M) ®I3] A, (4.5)

where the desired formation distances between all followers and the leader are concatenated in

Ag and the augmented vector of n copies of the leader states are defined as, respectively:

Jo1 Xo(t)
0 xq(t
A= ||, and Xo(t) = O_()
5011 Xo(t)

4.1.2 B: Communication with fixed constant delay

To stabilize the platoon, we have used a distributed control law based on a constant
spacing policy between the vehicles. This law was extended from our previous work (NETO;
MOZELLI; SOUZA, 2019), where we have addressed heterogeneity just for two types of vehicles
(aerial and ground robots). Basically, when agent i receives information from one or more

teammates, it is governed by:
ui(t) = —Kju;(t)

_ —Ki'ZN (xi(1) =x;(t=7) +8; —TWxi(1) ), (4.6)
JEN;
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where K; = [Kll Ké Ké} represents the control gain vector, W = [1 0 0] T [O 1 O}, T

is the communication delay, and J;; = dij 0 O] T, with d;; being the constant desirable
rear bumper-to-rear bumper distance between the vehicle i and all j € N;. The set j € N is
composed of all vehicles that share information with the vehicle i along the transient regime
until the platoon achieves the desired formation. This means that fixed distances among
vehicles must be ensured in steady-state, independent of their velocities. However, since we
are dealing with heterogeneous agents, this inter-vehicle distance may be different for every
pair (i,j). Similar to what was discussed in (Souza et al., 2019) for homogeneous vehicles, to
work around the problem of communication delay, the portion TWx;(#) is added to the control

law to compensate for the error of spacing in permanent regime, as demonstrated below

1 pi(t) 0 1 0f [pi(t) v;(t) Tv;(t)
TWx;(t) =7 |0 [o 1 o] ut)| =7l0 0 0| |vt)| =] 0o | =] o
0 a;(t) 00 of |a) 0 0

then considering the control law for the i-th vehicle following only one connected vehicle in its

communication range, we have

| pi(t) pj(t —T) djj To;(t)
ui(t) = — [K’l oA Ké] ( vi(t)| = |ojt—T)| + [0 | = | O ) (4.7)
a;(t) a;(t— 1) 0 0
pi(t) — pi(t — ) +dij — Toi(t)

S [Kg K Kg] v;(t) — vj(t — 1) (4.8)
a;(t) —a;(t — 1)

=~ (€ (pit) = pylt =)+ dy — Toi()) + b (0ilt) — oyt =) (49)

+ <ai(t) —aj(t - r))) (4.10)

To assemble the platoon control model, initially we apply the control law (4.6) in (3.3),
that yields:

x;(t) = Aix;(t) — Fu;(t), (4.11)
with F; = B;K;. As F; is independent for each agent, the results present in (NETO; MOZELLI;
SOUZA, 2019) are extended in this thesis to a more general case of heterogeneous platoon.
Therefore, the augmented longitudinal dynamics of the formation can then be described in the

compact form:
X(t) = AX(t) + BU(t) (4.12)

with X(t) representing the vector augmented state, and U(t) the control vectors of the n team
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members
x1(t) uy ()
Xo(t uy(t
X(t) = 2_( ) and U(t) = 2_( ) ,
Xn(t) u,(f)
and matrices of constant parameters are formed like this
(A, O 0 ]
0 A 0
R n : : . :
A= QO QA) = | ' ' |, and
;( i©A) 0 0 A, 0
|0 O 0 A,
[F; 0 0 0
0 Fp 0 0
R n Do : :
B 0oF) = | : 3l
Z-;( i@ F) 0 0 F; 0
|0 O 0 F, |

where Q); is a single-entry n X n matrix with all elements null, except for the diagonal element

0); = 1. As demonstrated below

[1 0 0 0] 0 0 0
0 0 0 0 01 0
o | : 5’0_55 :
"o o 0 o "% o o 0
0 0 0 0 0 0 0
[0 0 0 0] [0 0 0
0 0 0 0 0 0 0
Qi::: . :,Qn::: .
0 0 1 0 0 0 0
0 0 0 0 0 0 0

The control law (4.6) can be rewritten as the augmented vector, whereas §;; = &o;

results in

1

— doj,
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U(t) =—[(P+D)®@L]X(t) + M®I3) X(t—1) + (P 13) Xo(t—7)
— [(P+D -M)®I3]A0+ [(D +P) @ TW]X(#), (4.13)

in that the desired formation distances between all followers vehicle and the leader are con-

catenated in Ag and the augmented vector of 1 copies of the leader vehicle states Xq(t), are

defined as:
d01 Xo(t)
0 xo(t
Ay = 92 , and Xo(t) = O_()
5071 XO(t)

4.1.3 C: Communication with heterogeneous constant delay

All vehicles in the platoon have a fixed delay in receiving information from neighboring
vehicles. As it is a communication network with heterogeneous delay, each vehicle receives

information with different delay times.

To stabilize the platoon, we have used a distributed control law based on a constant
spacing policy between the vehicles. Basically, when agent i receives information from one or

more teammates, it is governed by:
ui(t) = —Kiui(t), (4.14)

=-K;) (Xz’(t) —x;j(t—T;j) +Jjj _Tiiji(t)>f
JEN;

where K; = [K’l Ké Kls] represents the control gain vector, W = [1 0 0} T [0 1 0],
Tjj is the heterogeneous constant delay in the communication link from vehicle j to vehicle i,

and §;; = [dij 0 O} T, with d;; being the constant desirable front bumper-to-rear bumper
distance between the vehicle i and all j € N;. The set ; is defined as

I\ C;, if i does not detect any obstacle in its trajectory;
l‘ =

@, otherwise;

where the set C; is composed of all vehicles that share information with the vehicle i along the
transient regime. In the case when A; = @ the control law (4.14) is computed taking into

account virtual reference states, see Thm. 6.1.

The proposed control law implies that fixed distances between vehicles must be ensured
in a steady-state condition, independent of their speeds. However, since we are dealing with
heterogeneous agents, this inter-vehicle distance may be different for every pair (i,j). The
7;jWx;(t) term was added to the control law (4.1) to compensate the permanent regime

spacing error caused by the delays, as addressed in (Souza et al., 2019) for homogeneous
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vehicles. To assemble the platoon control model, we initially apply the control law (4.14) in
(3.3), which yields:
x;(t) = Ajx;(t) — Fu;(t), (4.15)

with F; = B;K;. As F; is independent for each agent, the results present in (NETO; MOZELLI,
SOUZA, 2019) are extended in this thesis to a more general case of heterogeneous platoon.
Therefore, the augmented longitudinal dynamics of the formation can then be described in the

compact form:

X(t) = AX(t) + BU(t) (4.16)
with X(t) representing the vector augmented state, and U(t) the control vectors of the n team
members

x1(t) uy (£)

X (t up(f
x) = [ ana v = Y]

Xn () u,(t)

and matrices of constant parameters are:

A 0 0
. n o 0 A2 0
A= 0" QA;) = ,
§< ) U |
0 0 0 A,
F; 0 0
L 0 F 0
B = O"QF
). (0" eF) C
0 0 0 F,

Further, the control law (4.14) can be vectorized, provided that

1
oij=0n— ), (Fj1+¢),
j=i1

where {; is the jth vehicle length, resulting in

n
U(t)=—[(P+D)®I3]X(t) + ) _ (P; @ I3)Xo(t—Tp)
i=1
n

+ i Y (M@ I3)X(t—T;) — [(P4+L) ® I3]Ag

n o n
+y [(TiQPi +O7 Y M) @ w} X(t), (4.17)
i=1 =1
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where AgT = | 8107 07 -+ dpoT ] concatenates the desired formation distances between

all follower vehicles and the leader, while vector XoT(t) = [xOT(t) xoT(t) - xOT(t)]

contains n copies of the leader vehicle states.

4.2 Formation error dynamics

This section presents the formation error dynamics associated with the decentralized
control law introduced in the previous section. In line with the problem formulation described
in the Introduction, the formation error is expressed using an augmented state-space model
that captures the collective behavior of the platoon while preserving the decentralized structure
of the control law. The objective is to formulate compact augmented representations of the
formation error dynamics under different communication conditions, which will be used in the
subsequent stability analysis. The presentation is organized progressively, starting with the
case of communication without delay and subsequently addressing fixed and heterogeneous

communication delays.

4.2.1 A: Platoon free of communication delay

Next, we present a compact representation for the formation error, which can be written
as:
X(t) = X(t) — X*(t), (4.18)

where X*(t) = Xo(t) — Ay is the reference value dependent on the difference between the
leader state and the set-point distances. Since we are restricted to look-ahead communication

topologies, the leader vehicle dynamics is not ruled by the control law in (4.1), thus we have:
X(t) = X(t) — X*(t) = X(t) — AgX* (), (4.19)

where Ko is an augmented matrix with copies of the leader dynamics, expressed by Ko =
I, ® Ay, in which n is the number of followers. Replacing (4.3) in (4.19),

X(t) = AX(t) + BU(t) — AgX*(¢)
= A [X(1) + X ()] + BU() — Agx*(1) (4.20)

AX(t) +BU(t) + [K - Ko] X (1)

Because L = D — M, the control law (4.5) is rewritten as:

U(t) =— [(P+D) @ L]X(t) + (M®1I3) X(t) + (P @ I3) [Xo(t) — Ao] — (L® I3)A0
(4.21)
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and adding it with the null term (L ® I3)Xo(#), keeping in mind that the sum of the line
elements of the Laplacian matrix is null, we have:
U(t) = - [(P+ D) @ I3]X(t) + (M@ I3) X(t) + (P @ 13) [Xo(t) — Ag] +
+ (L®1I3) [Xo(t) — Ag]
—(DeL)X(t) - (PRI3)X(t) + (D ®I3)X(t) — (L ® I3)X(t)+
+ [(P+L) @ I3]X*(t)
— [(P+L) ® I3] [X(t) — X*(¢)]. (4.22)
Then, the formation error dynamics in closed-loop is obtained applying (4.22) in (4.20), resulting
X(t) = AX(t) + A*X*(t) (4.23)
X(t) = {K —B[(P+L)®1] }f((t) + [K - KO] X*(1).

4.2.2 B: Communication with fixed constant delay

To obtain the dynamics of the formation error, we initially started from the compact

representation for the formation error:
X(t) = X(t) — X*(t), (4.24)

where X*(t) = Xo(t) — Ay is the reference value dependent on the difference between the
leader states and the set-point distance. As the communication topologies, in this thesis, are
look-ahead, the dynamics of the leader are independent of other vehicles, and are not governed

by the control law (4.6). Thus, the formation error dynamics can be represented by:
X(t) = X(t) — X*(t) = X(t) — AgX*(t), (4.25)

where RO is a augmented matrix of the leader Ay matrix expressed by Ao =1, ® Ag, in which
n is the number of vehicles following. Replacing (4.12) in (4.25),

X(t) = AX(t) + BU(t) — AgX*(¢). (4.26)

Based on the fact that L = D — M, and that the sum of the line elements of the Laplacian
matrix is null, we add the null term (L ® I3)Xq(t) to the control law (4.13) which is rewritten
as:
U(t) =— [(P+D) @ B]X(t) + M@ 13) X(t—1) + (P @ I3) [Xo(t—T) — Aq]
— (L®13) [Ag — Xo(t)] + [(P+D) @ TW]X(t). (4.27)

Considering the definition of the formation error in (4.24) and its delayed variant, the following
replacements can be performed:

X(t) = X(t) 4+ X*(t), and

X(t—7) = X(t—7) + X*(t—1),

Xo(t—T) — Ag = X*(t—71), and

Ay — Xo(t) = =X ().
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Then, the control law in the augmented form results in

— [(P+D) ® I — (P+D) ® TW] [X(t) + X*(t)] + (L ® I3)X*(t)
+(M®13)[ (t—1) + X*(t—1)] + (P I3) X" (t—7)

— [(P+D) ® (I — TW) | X() + (M © I3) X(t—7)
+[L®13— (P+D) ® (I3 — TW) | X*(t) + [(P+ M) @ I3| X*(t—1).  (4.28)

Replacing the formation error X(t) = X(t) + X*(t) in (4.26), the dynamics of the formation

error is rewritten as:

X(t) = A[X(t) + X*(1)] + BU(t) — ApX*(t). (4.29)

Therefore, the formation error dynamics in closed-loop is obtained applying the control law
(4.28) in (4.29),
={A-B[(P+D)® (I — TW)] }X(t) + B(M® I3) X(t—71)
+{A-Ap+B[L® L~ (P+D)®(I;—tW)] }X*(1)B[(P + M) @ I3] X*(t—1).

Grouping the matrices contained in each term the formation error dynamics is presented as

X(t) = AX(t) + A X(t—7) + A*X*(t) + AZX*(t—1). (4.30)

4.2.3 C: Communication with heterogeneous constant delay

To obtain the dynamics of the formation error, we initially started from the compact

representation for the formation error:
X(t) = X(t) — X*(1), (4.31)

where X*(t) = Xo(t) — Ag is the reference value dependent on the difference between the
leader states and the set-point distance. Since in this thesis we have look-ahead communication
topologies, the dynamic of the leader is not governed by the control law (4.14). Thus, the

formation error dynamics can be represented by:

X(t) = X(t) — X* () = X(t) — AgX* (1), (4.32)

where ;&0 is a augmented matrix of the leader Ay matrix expressed by KO =1, ® Ag. Replacing
(4.16) in (4.32),
X(t) = AX(t) + BU(t) — AgX*(t). (4.33)

Based on the fact that L=D — M, P = }' ; P;, and the sum of the line elements of
the L is null, we add the null term (L ® I3)Xo(#) to the control law (4.17) which is rewritten
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as:

U(t) = - [(P+ D)@ 13]X(t) — (L@ I3) (Ao — Xo(t))
+

i

n n
+2 ), (Mi;® ) X(t—Ty)

i=1j=1

(P; @ 13) (Xo(t—Tio) — Ao)
1

+ [(Tiol’i + Qi Z M) ® w} X(t). (4.34)
i=1 j=1

Then, considering the identities:
X(t) = X(t) + X*(t),
X(t—Tl]) = jv((t—Ti]') + X*(t—Ti]'),

X" (t) = Xo(t) — Ao,

and

X" (t="Ti) = Xo(t—Tio) — Ao,
which follows from (4.31), yields

n
U(t) =— [(P+D) @ L]X(t) + ¥ (P; ® I3)X*(t— )
=1

1

n n
+ 33 (M@ I5)X(¢-T)
i=1j=1
n .. ~
Y [ (toPi+ 0¥ Y oM, ® w]X(1)
i =

— [(P+D) ®13}X*( )+ (L@ T3) X" (1)

1=

i=1 j=1
n o n

+3 ), (M ® L)X (t—1). (4.35)
i=1j=1

Now, replacing the formation error X(t) = X(t) 4+ X*(t) in (4.20), the dynamics of the
formation error is rewritten as:

~ o~ ~ ~

X(t) = AX(t) + BU(t) + (A — Ag) X*(t). (4.36)
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Therefore, the formation error dynamics in closed-loop is obtained applying the control
law (4.35) in (4.36),

{ B[(P+D) ® I3

B i [(’Q()Pi + Q' i M) © W} }X(t)

i=1 j=1

+ f y (BM1]® Ig)X(t )

i=1j=1

+{K—KO—§[(P+M)®13}

n L.
+BY | (noPi + QY ;) @ W] X (1)
i=1 j=1

n o on
—+ 2 2 B (Mi,j® I3)X*(t—Tij), (4.37)
=1

X(t) ;gj o X(t—Tj) + A*X*(t)

+ZA* X* (t—Tjp) +ZZA* X* (t—T), (4.38)
i=1j=1

where the matrices definitions follow directly by comparison with (4.37).

4.3 Platoon under fixed communication topology

dri that, in most cases, the number of vehicles in the platoon does not change as does
the communication topology. In this scenario, although the control law of each vehicle is
decentralized, it is possible to impose constraints over those control gains to ensure the global
stability of the platoon, enabling the following results for communication without time-delay

and with constant fixed delay for all vehicles.

4.3.1 A: Platoon free of communication delay

Theorem 4.1. Let a vehicular platoon composed of n heterogeneous vehicles, with dynamics
described by model (3.3), ruled by the distributed control law (4.1), and with a fixed known
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predecessor-based DAG communication topology. Then, the platoon is asymptotically stable,
with null formation error, if and only if:
Gi 6 iKi

Ki>0, kb > 2L —_—, Kk > , 4.39
1 2 ni+nﬂ<§+1 3 n; (4.39)

Vi=1,...,n, where ¢; is the i-th vehicle powertrain time constant and n; = |N;| denotes the

cardinality of N;, i.e. the number of vehicles connected with the vehicle i.

Proof. Based on the development presented in Sec. 4.2.1, the formation error dynamics is
asymptotically stable if all eigenvalues of A in (4.23) are in the left half of the complex plane.
To guarantee the Bounded-Input Bounded-Output (BIBO) stability, the portion in X*(¢) of
(4.23) can be neglected, since it is an exogenous input, depending only on the leader states.

Equivalently, all roots of the characteristic equation
0= det (Als, - {A-B[(P+ L) 2 L] }),

must have negative real parts. Note that matrices A and B are block diagonal, and the matrix
(P + L) is lower triangular, once we are constrained to predecessor-follower topologies that are

described by DAG. In this case, A is also lower block triangular, and the following holds:
. n
det (AIgm - A) — [ ] det (/\13 — A+ (P + Dl-)Fl->,
=1

revealing that the asymptotic stability of the formation error dynamics is dictated by the

stability of each vehicle in the platoon, ruled by the control law (4.1). Furthermore,

0 = det ()\13 — A; + (P; + D;) Fl-)

TliKé +1 TliKi

=A%+

Tl i,

Gi Gi Gi

In the latter equation, we have used the fact that n; = P; + D;. Then, the Routh-

Hurwitz array

A3 1 nl-Ké/gi
A2 (niack +1)/g; ik /i
A\l (nixch ) (njnch +1)— gi(nix})

Gi(nixy +1)
A0 nikt /i

with ¢; > 0 and n; > 0, leading to the stability conditions in the theorem statement, which

concludes the proof. O

The previous theorem provides necessary and sufficient conditions to ensure the platoon's

asymptotic stability with null formation error. It establishes lower bounds for the admissible
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control gains related to the i-th vehicle constant time and for the numbers of vehicles sharing
information with it. Thus, the design rules presented in Thm. 4.1 are dependent on the
communication topology. Further, note that, if a vehicle in the platoon does not have any
neighbor in its sensing range, then n; = 0 and the conditions in the previous theorem are

unfeasible.

In the following corollary, we present similar design rules valid for any predecessor-follower
topology.

Corollary 4.1. Let a vehicular platoon composed of n heterogeneous vehicles with dynamics
described by the linearized model in (3.3), governed by the distributed control law in (4.1), and
subject to any fixed predecessor-based communication network topology. Besides, we assume
that each vehicle in the platoon is connected with at least one of the other vehicles in the
platoon. Then, the platoon is asymptotically stable with null formation error if and only if the
following inequalities hold for alli =1,... n:

6 iKi

Al N T 4 .40
Ké+1 3 > G ( )

K§>O, K§>gi—|—

Proof. The result follows directly from Theorem 4.1, noting that the maximum of the right
side of the inequalities (4.39) are obtained by setting n; = 1. O

The design rules conditions presented so far are essential in proving the main result of
this thesis. However, the analysis of the resilience is incomplete without invoking new ideas.
In the next section, we present a reconfiguration protocol that is fundamental to obtain this

condition.

4.3.2 B: Communication with fixed constant delay

Theorem 4.2. Consider a vehicular platoon composed of n heterogeneous vehicles, with
dynamics described by the model (3.3), governed by the distributed control law (4.6), subject
to communication time delay and a fixed known predecessor-based DAG communication
topology. Thus, the platoon is asymptotically stable, with zero formation error, if and only if
the following inequalities hold:

Ki >0,
. -Ki .
> oMy TK],
nixé—i-l
; 1
K3 > ——,
n;
K ' .
<26 Vi=1,...n, (4.41)

where n; = |Nj| denotes the cardinality of N, i.e. the number of vehicles connected with i.
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thm. 4.2. In order to guarantee BIBO (Bounded-Input Bounded-Output) stability of the
formation error dynamics (4.30), the state vectors, X*(t) and X*(t — T), which are inputs
from the leader are considered exogenous. Then, the dynamics of the error is asymptotically

stable if and only if all roots of the characteristic polynomial
det(Alz, — A — Arem™) =0 (4.42)
have the negative real part. Notice that A is strictly lower triangular, then
det(Alz, — A — Are™™) = det(AL, — A) =0. (4.43)

Therefore, to determine the BIBO stability of the dynamics of the formation error is necessary
only if
A=A-B[(P+D)® (I —tW)]. (4.44)

Expanding A and B in (4.44), results in

n
— | (O ®F)
i=1

n
A=Y (O ®A) [(P+D)® (I; — tW)],
=1

i

with F; = B;K;. Passing (P 4+ D) ® (I3 — TW) into the sum, and grouping the elements of
the summation together, we have

n
A= Z 0O, ® [Ai — ([P]ii + [D]ii)Fi(I3 — TW)} . (4.45)
i=1
Since A is a diagonal block, and as the determinant of a diagonal block matrix is the product

of the block determinants, calculating the determinant at (4.43) results in

n
det()\lgn — A) = Hdet [)LI3 — A+ ([P]ij—i-[D]ii)Fi(Igj—TW)} . (4.46)

i=1
This determinant equal to zero is the characteristic polynomial of the formation error dynamics
in close-loop. The formation of the platoon will only be reached if this dynamic tends to zero
in the worst case in infinite time. For this, all the A eigenvalues of the characteristic equations

associated with all the i-th vehicles must have a real part less than zero:

0 = det <A13 — A+ (P;+ D) Fi(I3 — TW))

01 O 0 0O 1 —-710
—det|Alz— (00 1 |[+2]0 00|01 0
OO—% Sl k] (00 1
:A3+niKé—|—l/\2+ni(Ké—TKi)/\_FniKi, (4.47)
Gi Gi Gi

with n; = P; + D;. Finally, the Routh-Hurwitz method for finding the limits of stability was
chosen because it is a tool that has sufficient conditions for choosing the variables of the
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consensus gain control vector and provides the maximum communication delay time in which

the formation stability is guaranteed:

)LS 1 ni(Ké—Txi)
Gi
A2 ' (nixy +1)/g; Ky /G
A\l (nixy + 1) (njxch, — nyTiy) — ¢i(mix})
Qi(”i’ﬁé +1)
)&0 TliKll/gi

with power-train inertial time g; > 0, and the number of followed vehicle for i n; > 0.

Based on (4.46) we conclude that the decentralized control system studied in this thesis
only depends on local information for its stability. However, it is obvious that for the stability
of the platoon, all vehicles must reach the desired formation distance, which is guaranteed by
the appropriate choice of parameters in (4.41). We reach the result presented by theorem 4.2,

and the proof is concluded. O

4.4 Structural Properties of Local Stabilization under a Predecessor—Follower
Topology

Building upon the control formulation and stability analysis presented in the previ-
ous sections, this section discusses a structural property that emerges from the adopted

predecessor—follower communication topology.

Under this configuration, each vehicle computes its control action using only locally
available variables, obtained from onboard measurements and information exchanged with
neighboring vehicles. This structure leads to a form of local regulation in which the stabilization
of each vehicle can be addressed independently at the control design level, while the overall

platoon behavior arises from the interconnection of these locally regulated subsystems (BULLO;
CORTES; MARTINEZ, 2009b).

From a control-theoretic perspective, this property can be interpreted as a form of
structural decoupling at the vehicle level. Although the platoon remains a dynamically
interconnected system, the predecessor—follower topology allows the closed-loop dynamics of
each vehicle to be expressed primarily in terms of its own state and relative information with
respect to adjacent vehicles. As a result, stability analysis and controller tuning can be carried
out locally, without requiring explicit knowledge of the full platoon model or the dynamics of
non-neighboring vehicles (MESBAHI; EGERSTEDT, 2010).

This local stabilization property is particularly relevant in heterogeneous platoons,
where vehicles may present distinct dynamic characteristics, actuation capabilities, and sensing
configurations. In such scenarios, centralized or globally coupled control strategies typically

require accurate modeling of all vehicles, which becomes impractical as the platoon size increases
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or when vehicles join and leave the formation dynamically. In contrast, the predecessor—follower
structure enables each vehicle to regulate its behavior based on its own dynamics, while

preserving coordinated motion through relative measurements and local communication.

It is important to emphasize that this property does not imply complete dynamic decou-
pling of the platoon. The vehicles remain interconnected through the communication topology,
and global platoon behavior (such as disturbance propagation and transient performance)
still depends on the interaction structure. Nevertheless, the possibility of enforcing stability
conditions at the vehicle level represents a significant simplification from a design and analysis
standpoint and contributes to the scalability of the proposed approach, in line with classical
results on the stability of interconnected systems (SILJAK, 1978).

The emergence of coordinated platoon behavior from locally stabilized dynamics is also
consistent with consensus-based interpretations of distributed control. In this context, local
control laws ensure regulation of relative states, while the communication topology governs
how information propagates through the platoon. The predecessor—follower configuration plays
a central role in shaping this propagation, allowing coordinated motion to be achieved without
centralized coordination or global state information (MESBAHI; EGERSTEDT, 2010).

Finally, this structural property has direct implications for platoon reconfiguration
and recovery scenarios addressed in the subsequent chapters. Since stability conditions are
formulated locally, vehicles can be added to or removed from the platoon with limited impact
on the control laws of the remaining vehicles. Likewise, in situations where communication
is temporarily lost, the local control structure allows vehicles to maintain stable behavior
and subsequently reestablish coordinated motion once communication is restored. These
aspects contribute to the resilience of the platoon under realistic operating conditions. The
formulation developed in this chapter provides the mathematical foundation for the analysis of
platoon reconfiguration and recovery mechanisms under communication constraints, which are

addressed in the following chapters.
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5 PROTOCOL OF RECONFIGURATION AFTER ENTRY AND EXIT OF VEHI-
CLES.

Situations such as mechanical problems, cyber attacks, malicious agents, or changing
lanes to the side lane can cause a vehicle to leave the platoon and leave a space greater than
the desired distance: the formation distance. When a vehicle leaves the platoon, the other
vehicles that received information from it start to have complications with its stabilization,
which is performed at the lowest hierarchical level of control. The departure of the vehicle is a
problem because the control law, in particular cases of communication delay in 4.1, 4.6 and
4.14 depends on the information from the vehicle that left. To solve this problem, we propose a
protocol that changes the entry of the consensus law to a new queue position pointer reference:
the state vector of the vehicle immediately ahead of the one that left. This chapter focuses on
structural reconfiguration of the communication topology, while preserving the same low-level

control law derived in Chapter 4.

In order to certify the asymptotic stability of the platoon by the procedure of the tests
carried out in this thesis, according to the classical control theory, it is necessary to guarantee
that the events, both input and output, occur only in steady state. This means that the
protocol at a level above the control hierarchy can only modify the communication topology of
the vehicles when all are in formation, traveling at cruising speed and with zero acceleration.
The vehicles being aligned according to the consensus law at the desired distance between all
vehicles means that there is no effort acted by the control law in the sense of modifying the
acceleration of the car: the control law is equal to zero and all vehicles travel at the same
cruising speed. The condition that every vehicle entry or exit occurs only when the platoon
travels in a steady state, restricts the application of the proposed method to occurrences that
can be planned to be performed after the stabilization dynamics of the train of connected

vehicles. Which is very reasonable to do in traffic where defensive driving is adopted.

Thus, we present here a reconfiguration protocol that, based on this approach, provides
stability and resilience in the face of changes in the number of vehicles in the platoon. The
protocol action is performed on each vehicle to properly adjust d;; in ¢;; and N in the control
law 4.1, 4.6 and 4.14, whenever a reorganization becomes necessary. Figure 3.2 represents the
desirable rear bumper-to-rear bumper distance denoted by the parameter dij. The vehicle's rear
bumper reference is only a marked reference point for other vehicles. The choice of this point
on the rear bumper can be changed as long as the new reference is updated for all vehicles
that depend on it. As illustrated, the length of the i-th vehicle is given by ¢;, while the gap
between i and i — 1 is given by ;. Thus, the target distance to the first immediately preceding
neighbor is d; ;1 = £; + 7;, to the second one is d;; , = £;_y + ¥;-1 +d;;_1, and so on. Then,



Chapter 5. Protocol of reconfiguration after entry and exit of vehicles. 54

Algorithm 1 reconfiguration protocol

D; < (xj(t),7j, ;) for every j inside R;
define the desired inter-spacing d;; using Eq. (5.1)
N; < every element in D; with associated d;; < R;
ui(t) = control law (4.1) using &;; and N
repeat
D; < (x;(t),7j,Lj) for every j inside R;
if |u;(t)| <€ and |D;| # |N;| then
define the inter-spacing d;; using Eq. (5.1)
N; < every element in D; with related d;; < R;
end if
ui(t) < control law (4.1) using d;; and N;
: until vehicle i leaves the platoon

© NI REN

—_ =
N 22

equivalently, we have the iterative formula:

dij =Lli1+ 71 +dije1 (5.1)

forany je {i—1,i—2, ..., 0}, setting the starting term as d;; = 0. Here it must be clear
that each vehicle needs to broadcast its states information x;(t), its length ¢;, and its desired

distance to its first ahead vehicle ;, as in Fig. 3.2.

Based on the previous setup of calculation the Algorithm 1 performs locally a reconfigu-
ration in the parameters of the control law in (4.1) that guarantees the platoon stability and

reorganization.

The reconfiguration protocol updates the control law whenever vehicles leave or enter
the platoon. In the case of entrances, vehicles choose places to get in, and then they start
to send/receive information to/from the nearby vehicles. The Alg. 1 proceeds as follows. In
the line 1 it is created a set D; with data received by the vehicle i from all others inside
its communication range, R;, and the desired inter-spacing distances are calculated in line 2.
The set N is determined in the line 3 by selecting from D; only the vehicles that will keep
connection with the vehicle i when the platoon reaches the desired formation. Then the vehicle

i begins to run its control law, as presented in line 4.

The control action is used to test the stationary condition, line 7, then if |u;(t)| > €,
for some small € > 0, the vechicle is not in steady-state. Thus, in the main loop, the agent
will execute the control law at line 11 until condition in line 7 is satisfied. It ensures that the

network topology remains unchanged during a transient regime.

The line 6 updates the set D;. Note that, when the platoon reaches the desired
formation and no new vehicle connects to vehicle 7, or alternatively, no vehicle disconnects

from vehicle i, we have |D;| = |V

In line 7 is tested if the steady-state regime is reached and if the number of vehicles

detected by the vehicle i changes. Then, if the conditions hold, the reconfiguration protocol
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effectively starts. The desired inter-vehicle space is updated according to line 8 and the set A/;
is updated in line 9; leading to the computation of the control law (4.1) in line 11. Alternatively,
if the number of neighbors detected is unchanged or if the platoon is not in steady-state, the
parameters are not reconfigured and the control law is computed as in the previous iteration,

restarting the loop.

In practical terms of exits, every vehicle moves up to the preceding vehicle position,
which is graphically depicted in Fig. 1.2, filling any gaps that are left because of the purposeful
exists of unwanted failures. Analogously, in the case of entries, some following vehicles leave a

room to allow new vehicles to join the platoon.

5.1 Resilience condition for platoon stability

Results in Sec. 4.3 demonstrate that platoons with fixed network connections reach
null formation error in steady-state, as long as control gains are designed in accordance
with inequalities (4.39) or (4.40). Therefore, they are valid for any invariant look-ahead

communication topology and any number of vehicles in the platoon.

The main assumption considered here, allowing those previous results to be applied
in the case of switching topologies, is that the communication network switches only when
the platoon is in a stationary condition, which justifies the reconfiguration protocol previously

proposed.

Under the aforementioned assumption, platoon states are time-independent, and they
can be simply regarded as a set of new initial conditions for the new configuration, in case of
the entrance or exit of vehicles in the formation. Therefore, based on the results presented in
Sec. 4.3, the reconfiguration protocol, and on all previous discussion, we can state the main

result:

Theorem 5.1. Let a vehicular platoon composed of heterogeneous vehicles, with dynamics
described by (3.3), ruled by the distributed control law (4.1), and subject to a predecessor-based
communication topology. Then, the formation is asymptotically stable, with null formation

error, and resilience to the entry or the exit of members if:
(i) control gains are designed in accordance with the inequalities (4.39) or (4.40); and

(ii) any entrance or exit of vehicles occurs when the platoon is in a steady-state, and each

vehicle control law is updated by the reconfiguration protocol in Sec. 5.

The previous theorem presents sufficient conditions that guarantee stability, null forma-
tion error, and resilience under the entry and exit of vehicles for platoons in a decentralized
manner. It is worth mentioning that before condition can be satisfied using the inequalities
(4.39), where the design rules are based on the connectivity of each vehicle. Thus, at each

entrance or exit of a vehicle in the platoon, the control law gains of the vehicles may be
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updated. It is possible because under steady-state the distributed control law in (4.1) is null

independently of the control gains.

Finally, it remains to emphasize that the conditions presented so far in this thesis assume
the existence of connection among vehicles, a basic requirement for the autonomous platoon.
In the worst scenario, each vehicle needs to be connected at least to one other, then in the case
of vehicles exiting from the platoon such minimum connection requirement needs to hold, that
is n; > 1 Vi. Otherwise, some vehicle connections may be broken, and then the platoon itself.
We illustrate such a case and the application of our resilient control strategy using simulated

experiments in the next section.

5.2 Numerical examples

This chapter presents simulated results to illustrate the effectiveness of our protocol.
We have performed: i) linear simulation (4.2) subject to multiple exits and entrances of vehicles;
and ii) nonlinear simulation with resilience analysis in a robotic simulator. All trials were

executed on Python/NumPy language at Ubuntu 20.04.

5.2.1 Linear simulation: multiple entries and exits

In this simulation, we have started the platoon with 8 vehicles, adding 2 more at
50s, removing other 2 at 100s and, finally, removing 3 more at 150s. Most of the vehicles
parameters were extracted from (ZHENG et al., 2019) as shown in Tab. 5.1.

Table 5.1 — Vehicle parameters extracted from (ZHENG et al., 2019).

Parameter values

m; = 1500 + 100i [kg] | ; = 0.25 + 0.005i [m]
i =80 +1i [%] ¢; = 0.3+ 0.02

C; = 0.4+ 0.01 u; = 0.015 4+ 0.001i
0;=40+05i [m] |79 =10.0+025 [m]
p = 1.23 [kg/m?] g =9.78 [m/s?]

To maintain each teammate connected with at least one other when two consecutive
vehicles leave the platoon simultaneously, we have set R; = 64 +i. In addition, the leader

executes the following trajectory:
2m/s?for 10s < t < 15s,
up(t) =14 1m/s?for 160s < t < 1655, (5.2)
0 m/s? otherwise,

inducing local disturbances at the beginning. Moreover, in accordance with the stability
conditions in (4.39), control gains were set by K; = (g;/¢o) [4.0 15.0 8.0], which is based
on the ratio between the inertial time constant of the i-th follower and the leader vehicle.
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Figure 5.1 — Vehicles position with multiple entries and exits.
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Figure 5.2 — Formation error. At 150s, 3 vehicles exit simultaneously splitting the
platoon.

Figures 5.1 and 5.2 present the results obtained. Initially, we see the platoon reaching
formation and then in steady-state at 50s two vehicles join it. After that, the platoon starts
its reorganization, and already in stationary regime at 100 s two vehicles leave. Once again the
platoon reaches formation, but at 150 s more three vehicles leave. This caused a communication
breakdown in the team because one vehicle lost its connection with the others. As consequence
at this time, the platoon does not reorganize itself and between 160 and 165s when the leader

vehicle accelerates once again the last two vehicles are left behind.

Fig. 5.2 presents the spacing error related to the leader position. Resilience was
guaranteed whenever the conditions established by Corollary 4.1 were met. The platoon does
not recover its formation only after the simultaneous exit of three vehicles because one vehicle

lost its connection with all others, violating Corollary 4.1.
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5.2.2 Nonlinear simulation: comparative analysis

In this simulation, the aim is twofold: i) illustrate how the controller can overcome
nonlinear dynamics and ii) compare the performance of our methodology with a state-of-the-art
similar one proposed in (PIRANI et al., 2018). The nonlinear simulation was performed with
CoppeliaSim simulator! and its built-in Manta platform, a relatively complex Ackermann model
with suspension and steering command. Here the platoon is homogeneous and it starts with 6

vehicles, whose parameters are given in Tab. 5.2 and R; = 16 m.

Table 5.2 — Parameters extracted from the CoppeliaSim.

Parameter| Value |Parameter | Value
m; [kg] 30.0 r; [m] 0.09

i [%] 80.0 Gi 0.5
C; 0.01 Ui 0.003

?; [m] 0.6 Yi [m] 7.0

Here, the leader was commanded to accelerate until it reaches the constant velocity
of vo(t) ~ 4.2m/s. At 35s and 70s, vehicles 3 and 4 leave the platoon, respectively. The
Figs. 5.3 and 5.4 presents the results obtained by applying the W-MSR algorithm in (PIRANI
et al., 2018) and our proposed methodology.

Fig.5.3 shows that the W-MSR algorithm can reorganize the platoon after vehicle 3
exits, but not after the exit of vehicle 4 when vehicle 5 is disconnected from the platoon. On the
other hand, Fig. 5.4 shows that the proposed reconfiguration protocol governed the platoon to
formation after both exits. The result concerning the W-MSR algorithm was foreseen because
in the present setup it ensures resilience for | (k+1)/2| = 1 failing agent, since in steady-state

the number of connected neighbors is k = 2 due the vehicles connection range.

In Figs. 5.5 and 5.6 compares the spacing error of both approaches. Fig. 5.5 shows that
the spacing error grows up after the second failure, while Fig. 5.6 demonstrate the effecitiveness
of the proposed protocol. That occurs because the proposed reconfiguration protocol updates
the set of connected neighbors vehicles after every entrance or exit of vehicle (Alg.1, line 9).
Unlike resilient consensus strategies based on W-MSR, the proposed approach does not assume

a minimum level of k-connectivity nor the presence of malicious agents.

This chapter shows that topology reconfiguration events can be handled without
modifying the underlying control law, paving the way for the recovery mechanisms introduced

in the next chapter.

1 https://www.coppeliarobotics.com/
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Figure 5.3 — W-MSR method in (PIRANI et al., 2018). Comparative analysis between
(PIRANI et al., 2018) and our approach: position over time.
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Figure 5.5 — Comparative analysis between (PIRANI et al., 2018) and our approach:
spacing over time. W-MSR method in (PIRANI et al., 2018).
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6 PROTOCOL FOR RECOVERY OF VEHICLE TO THE PLATOON

6.1 Problem definition

The platoon reaches its main objective when all vehicles reach a formation consensus
with their neighbors, such that the spacing errors asymptotically converge to zero. Concerning
the aforementioned characteristics, we can formally define the scope of this thesis according to

the following problems:

Problem 6.1 (Resilient connection). Consider a heterogeneous platoon where each vehicle
i is ruled by dynamic Eq. (3.3) and subjected to communication time-delay Tjj and even
communication breakdowns. In addition, assume that the vehicle i can start completely
unplugged from the other ones, or it can be temporarily disconnected from the team due to
failing vehicles or external disturbances (e.g., traffic lights). Then, the main problem is to
compute an input command u;(t) such that i will join or rejoin the platoon (modeled as a

DAG), even if lost communication with the preceding teammates.

Problem 6.2 (Platoon stability). Assuming that vehicle i was capable of reaching the platoon,
the following problem is to compute an input command u;(t) such that it will be able to
achieve the steady-state condition with the neighbors. When any disturbance or event causes

the complete disconnection of i with the agents ahead, we return to the scope of Prob. 6.1.

6.2 Main results

6.2.1 Proposed approach

Typical consensus protocols in the literature generally assume that each team member
always receives information from at least one neighbor. However, depending on the current
platoon behavior or some adverse road condition, the i-th vehicle, or a subset composed of itself
and its followers, can be completely disconnected from the preceding vehicles. For instance,
this situation occurs when the platoon travels on a road devoid of connected infrastructure,
and a traffic light changes when the platoon is passing by. Some vehicles keep going and others
are stopped at the red light. Another adverse situation occurs when the platoon is connected,
but there is an obstacle that prevents the succeeding vehicles to follow closely. For example,
HDV may change lanes and enter the gap between two members of the platoon, behaving in a
non-cooperative manner. Either way, in this thesis, whenever a vehicle has lost the connection
link with the platoon or there is no free path toward a neighbor, we assume that connectivity

is lost.

Therefore, in this section, we propose a strategy that solves both, Prob. 6.1 and 6.2.
Our method is based on the state-machine shown in Fig. 6.1, which is composed of three
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NG| >0 lu; ()| < e

Virtual Transitory Stationary
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NG| =0 lu; (t)| > €

Figure 6.1 — Switching protocol: in the Virtual Reference state, the vehicle is completely
disconnected from the platoon; when it reaches one agent at its front, it
switches to the Transitory Condition, using the state information provided
by its new neighbor to reduce the state error; when the error is small enough,
the vehicle goes to the Stationary Condition, following the entire platoon.

states and the transitions among them:

(i) in the Virtual Reference state, there are two possibilities: i) no teammates are
connected with the i-th vehicle or ii) there are teammates connected, but there are
some obstacles ahead. In both cases, this vehicle will start to follow a virtual leader
if, N; = @.

(ii) in the Transitory Condition state, i-th vehicle regains connectivity with another
agent, which is enough for it to reduce its spacing error related to this neighbor.

Here, however, a steady-state condition has not yet been achieved.

(iii) finally, in the Stationary Condition state, the error to its first predecessor neighbor

is so small that it regains full connectivity with the platoon.

Here, we assume that the vehicles are equipped with collision avoidance assistance and
enough instruments to identify obstacles in their trajectory traffic, such as traffic lights, signs,
and HDVs. Whenever it is safe to do so a vehicle in the Virtual Reference state, N; = @,
will keep using the same control law as before. However, it starts to follow a kind of virtual
leader, whose position and speed varies according to road conditions (see Thm. 6.1). If the
conditions are safe, this virtual leader assumes that it is trailing the platoon, and accelerates to

the maximum road speed without any issues.

As it can be seen, transitions between Virtual Reference and Transitory Condition
depend on existence of at least one vehicle in the communication range and no presence of
obstacles. Once a vehicle is in Transitory Condition the control law (4.14) will act in order
to drive the vehicle to the Stationary Condition. However, transitions between Transitory
Condition and Stationary Condition depend on disturbances, such as agent failures, abrupt
changes in the leader speed, or external events like changes in the road slope, which force an

acceleration command to be higher than a small positive value €.

Moreover note that, since the proposed protocol is local, only the vehicle with A; = @
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can activate the virtual reference. For example, suppose the agent i-th has m followers and is
disconnected from its predecessors or there is an obstacle preventing it from following them.
Then, when it is safe, the i-th agent will activate the Virtual Reference state, but this does not
mean that its followers will do so. They might be in the Transitory Condition or even Stationary
Condition. In this situation, we have a subset of the original platoon forming a platoon with
size m + 1 vehicles, whose practical leader is the i-th vehicle of the former platoon, that is

constrained to follow the Virtual Reference.

6.2.2 Reconnection protocol

The recovery protocol does not introduce a new control law; instead, it switches
the reference information used by the same distributed controller derived in Chapter 4. To
demonstrate that our approach ensures the resilient incorporation of agent i to the platoon,

let us first consider the following assumption:

Assumption 6.1. /n steady-state, the leader travels at constant speed 0 < vy < AUy, Where

Umax IS the speed limit value for the road and 0 < a < 1 is a constant factor.

This is a fundamental assumption since in Thm. 1 of (ZHENG et al.,, 2019), it is
demonstrated that a steady state consensus can only be achieved when the leader acceleration
is null. This assumption for mixed-traffic scenarios is also supported by previous works in
the literature, see (LIANG et al., 2015) for instance. In a heterogeneous platoon, a leader
vehicle traveling above the maximum speed of at least one following vehicle will make the null
formation error unfeasible in the entire platoon. On the other hand, a very slow leading vehicle
is likely to be inefficient from the platoon perspective. Therefore, there is an optimal value for

« that is an open topic explored in the platoon literature.

As previously stated, at the Virtual Reference, agent i has no feedback information
about other members of the platoon, so it can not properly compute u;(t) to reduce the
spacing error using Eq. (4.14). That can happen at the start, when the vehicle is powered
on, or when its connection is temporarily lost due to system disturbances. So, to solve the
Problem 6.1, it is proposed to use a virtual agent; a new numerical reference created to
emulate the communication of the agent i with a direct neighbor further ahead of i. Figure 6.2
illustrates the idea when the preceding vehicles are out of communication range and there is a

clear path. For simplicity in the following, we set §;, = 0.

In this context, let us present the following statement:

Theorem 6.1. Suppose a platoon at the equilibrium point accordingly with Assumption 6.1
and let the virtual reference states be given by X, (t) := [pi(t) BUmax O} T. Then a vehicle i
in the Virtual Reference state governed by the control law (4.14), setting j = x, i = Tix =0,

will reach the Transitory Condition state as t — oo if it has a free path to its first predecessor
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Figure 6.2 — Virtual agent used to ensure connectivity with the platoon in the Virtual
Reference state: when no communication is available and there is a free
path, vehicle i uses a virtual neighbor traveling ahead to run the proposed
control law. R;i represents the vehicle i communication range.

neighbor and the following conditions hold
Ké +1
i

ky >0, k5 >—1 and a < B
k2

<1 (6.1)

where B is a tuning parameter to adjust the final speed of the vehicle in the Virtual Reference

state and vy, defines the platoon speed.

thm. 6.1. Setting j = * in (4.14) and §;, = T, = 0 we get
i (1) = —K; (xi() = x. () + 8. ),
= &} <,vaax — vi(t)> — wba; (1), (6.2)

which reveals that the control law (4.14) plugged with the virtual reference states provides a

positive acceleration command. In the Laplace domain, focusing on the speed output, we have

Omax . :B(/\ + (Ki + 1)/Qi)
o) = G =R with G(A) = o = oA+ /e

Thus the first two inequalities in the theorem statement ensure the vehicle stability. The final

value theorem yields the third one that guarantees avmax < v;(f)]t—00 < Umax-

Then, if the conditions in the theorem hold, a vehicle commanded by (6.2) decreases its
spacing error to its predecessor neighbor up to switch to the Transitory Condition because the

platoon speed in steady-state is higher than avmay, the leader vehicle speed (Asm.6.1). [

This result shows that, in the absence of information and with a free path, vehicle i will
travel at a speed higher than the platoon speed. Moreover, it is important to mention that
the vehicle's transient speed can reach values higher than the road speed limit. Therefore, to
avoid such a scenario extra constraints in the control law can be added if v;(t) > vUmax. It is
worth emphasizing that the proposed recovery mechanism is fully local and does not require

any global information about the platoon topology or size.
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6.2.3 Formation error

Now, still concerning the switching protocol, Fig. 6.1, let us state the following:

Theorem 6.2. Suppose the platoon with the leader vehicle at the equilibrium point (Asm. 6.1),
and assume that the formation error dynamics (4.38) is asymptotically stable. If a vehicle i
is in the Transitory Condition state and it has free path to its first predecessor neighbor, the

control law (4.14) will govern it to reach the Stationary Condition state as t — oo.

thm. 6.2. Let us prove it by induction. Assuming that the first follower governed by the
distributed control law (4.14) is connected and has a free path to the leader. Then, if the
formation error dynamics (4.38) is asymptotically stable, the vehicle will approach the leader
up to ‘ui(t)‘ < € (for some small € > 0) as t — oo and reach the Stationary Condition state.
Following this reasoning, if the (i—1)-th agent is in the Stationary Condition, the i-th agent

will be able to reach a null spacing error as t tends to oo and the Stationary Condition.  [J

In the following, we establish design conditions for the control law (4.14) that guarantee
formation error dynamics (4.38) asymptotically stable, the main assumption in the previous

theorem. We start with the following result.

Theorem 6.3. Consider a connected vehicular platoon free of obstacles in its trajectory
composed of n heterogeneous vehicles, with dynamics in (3.3), governed by the control
law (4.14), subject to communication delays and a fixed known predecessor-based DAG
communication topology. Thus, the platoon is asymptotically stable if and only if the following

hold:

i —

: : K T 1
Ko>0, x> oM Thd g (6.3)
niky+1 1 n;
foralli=1,...n, wheren; = |/\f,| is the number of vehicles connected to vehicle i, and T; is

the sum of all delays in the information shared with the vehicle i, i.e. T, = Z]-e N; Tij-

thm. 6.3. In order to guarantee the BIBO (Bounded-Input Bounded-Output) stability of the
formation error dynamics (4.38), we first note that the entries related to the leader, X*(#) and
X*(t — Ti]'), are exogenous. Then, the error dynamics is asymptotically stable if and only if all

roots of the characteristic polynomial A(A) = 0, with

n n
A()) := det (Mgn -A-) ) ATije_Tif)‘> ,

i=1j=1

having a negative real part. To investigate such roots, note that ;&sz is strictly lower triangular

and

A=A-B[(P+D)® 1]
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which implies that A is a block diagonal matrix. Therefore,

n n
A()\) = det (/\Ign —A— Z Z A.L.ije_TijA>

i=1j=1
= det <)\I3n — K)
n
= Hdet (/\Ign —A;—F; (TiW — 7’11'13) )
i=1

_ ﬁ <A3 n nixkh + 1)L2 n nixh — Tﬂ(i)ﬁL I’lﬂ(i)
i Gi Gi Gi /'’

which reveals that the platoon’s stability is dictated by the stability of each individual vehicle.

Finally, we apply the Routh-Hurwitz method for finding the limits of stability as a
function of the control gains and communication time-delays:

)3 . nix, — Tt
. Gi.
22 nixy +1 niKj
, Gi , Gi
A1 (nixh 4+ 1) (nixh, — Ti}) — i}
Gi(nixs +1)
)\O niKll
Gi

which leads to the conditions in Thm. 6.3 concluding the proof. O]
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The previous theorem establishes conditions to ensure the formation error asymptotically
stability, assumption of Theorem 6.2. A disadvantage of this result is the necessity to know
beforehand the parameters of the network topology, i.e., the number of neighbor vehicles and
the communication delay values. To overcome this problem, we can analyze the worst-case

scenario to obtain a stability certificate according to Eq. (6.3), leading to the following Corollary.

Corollary 6.1. Consider a vehicular platoon composed of heterogeneous vehicles, with dynamics
described in (3.3), governed by the distributed control law (4.14), subject to a maximum
communication delay Tmax. Thus, if the following conditions hold

QiKi

i
3

Ki > 0, Ké > i + TmaxKi, Ké > 0, (6.4)

for alli =1,...,n, the platoon is asymptotically stable.

The result in the previous corollary follows directly from Eq. (6.3), setting n; = 1
and bounding the average communication delay term by the maximum communication delay
allowed by the network, i.e. T;/n; < Tmax. Such conditions, easy to check, reveal that the
control law (4.14) of each vehicle depends only on its motor efficiency ¢; and the upper bound
for the communication delay, Tmax, enabling a design procedure that is independent of prior

knowledge of the platoon structure.

6.3 Simulation and analysis results for the platoon of vehicles with communication

with heterogeneous delay.

In this chapter, we present the results of our control protocol. Here, we evaluate
characteristics such as agent exits, mixed-traffic external disturbances (such as traffic lights and
Human-driven Vehicles (HDVs)), and nonlinear simulations. The protocol and the linear model
of the agents have been calculated using the Numpy library for Python language, running at
Ubuntu 20.04. Meanwhile, for the nonlinear example, the dynamic of the vehicles was emulated
using the CARLA simulator.

6.3.1 Simulation: disconnection

In this first experiment, we begin by demonstrating that our method provides a platooning
formation even under the following circumstances: (i) all vehicles start disconnected, and (ii)
three agents leave the team, simultaneously. The simulation considers a team with one leader
and 9 followers, with the parameters detailed in Table 6.1, whose values and heterogeneous
characteristics have been extracted from (ZHENG et al., 2019). Note that the parameter values
in Table 6.1 are defined as a function of the vehicle position in the platoon in order to try to
make it easier to identify the effect of different physical parameters on the vehicles. Besides,
the parameters indicate that, in steady-state, the platoon travels in a 2PF communication

topology.
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Table 6.1 — Vehicle parameters extracted from (ZHENG et al., 2019).

Parameter values

m; = 1500 + 1007 [kg] | r; = 0.25 4 0.0057 [m]
i = 80 +1 [%] ¢; =0.3+0.02i
C;=04+0.01i u; = 0.015 4 0.001
e=01 R; =35.0 +0.57 [m]
p = 1.23 [kg/m?] ¢ =9.81 [m/s?]
— 0 2 4 — 6 — 8
3 5 —_— 7 — 9
2000 1
1500 1
"5 1000+
= 500- - /
O ) —/
0s 255 508 755 100s 1258 150s

Figure 6.3 — (experiment 1) position of the vehicles over time. All agents start discon-
nected and, over time, they are capable of stabilizing the platoon. After the
exit of three vehicles simultaneously, there is a momentary split, but a new
steady state condition is reached.

For all simulations, we defined the maximum allowed road speed of Umax = 20m/s
(72km/h), with the leader accelerating from zero to 70 % of vmax (¢ = 0.7). Moreover, under
the conditions in (6.1) and (6.4), the control gains for all follower vehicles were selected using
B =1 and the formula K; = (¢;/¢o) [1.0 4.0 2.0} . The delays were set to 7;; = 0.2+ 0.021
[s], which are typical values for VANETs (ABDELGADIR; SAEED; BABIKER, 2016a), while the
spacing distances were set to d;; = 15m for all agents. For simulation proposes the parameter
R;i denotes the communication range of the i-th vehicle. Finally, we set u;(t) = 0 whenever
v;(t) > Umax to avoid the vehicle's transient speed reaching values much higher than the road

speed limit.

Fig. 6.3 presents the position of all vehicles over time. At t = 0, the followers are
completely disconnected, but, as they accelerate, they are capable of recovering connection
and the platoon is kept stable, as illustrated by the spacing error in Fig. 6.4. When agents 4,
5, and 6 simultaneously leave the platoon at 75 s, agent 7 switches to the Virtual Reference
state (Fig. 6.5) and begins to accelerate. Agents 8 and 9 do not lose connection with agent
7, however, the perturbation forces agent 8 to activate the Transitory Condition. Eventually,
these three vehicles travel fast until recover communication with other teammates, that have
not been affected by the disturbance. Fig. 6.6 presents the speed of the vehicles. there it is

possible to see that, at the start, the agents accelerate to vmax in the Transitory Condition
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spacing error [m]

0s 9255 50s 758 100s 1255 150s

Figure 6.4 — (experiment 1) spacing error of the vehicles over time according to the
leader. All followers start disconnected, but they can reach their forwarding
neighbors. The platoon presented a null error when three vehicles exited,
but the disturbance is quickly compensated.

Fxit 1

Stationary 1 J

Transitory A -

state-machine

Virtual , ! , ! !
Os 258 50s 758 100s 125s 150s

Figure 6.5 — (experiment 1) state behavior of the vehicles over time. After the stabiliza-
tion, all followers reach the stationary condition, until the disturbance, when
vehicle 7 assumes the Virtual Reference state and accelerates to reach again
the Stationary Condition state.

state. Then, with data provided by forwarding neighbors, they track the leader speed with a

null error.

6.3.2 Simulation: traffic light

In this second experiment, we evaluate the influence of external events on the formation.
This time, the 9 followers start connected (with a null spacing error), but after 40 s, we simulate
a traffic light that splits the platoon during 20 s. Figures 6.7 and 6.8 show the position and
the spacing error of the agents over time. Here, it is possible to see that two teams were

temporarily created after the disconnection, but they merged later.

Fig. 6.10 represents the speed profile of the vehicles, where it is possible to see that

some vehicles decelerate and stop at the traffic light, some of them running at vmax. About
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Figure 6.6 — (experiment 1) speed of the vehicles over time. Even with the disturbances
caused by the disconnection, the followers were able to track the leader’s
speed.

120s  150s  180s

Os 308 608 908

Figure 6.7 — (experiment 2) position of the vehicles over time. The agents start connected
and the platoon moves on until 40 s when a traffic light splits it. Then, the
leader and the first 4 followers travel freely, while the rest are held at the red
light during 20 s. Even so, after the green light, the platooning formation is
reestablished.

20 s after being held in the red light, vehicle 5 operates in the Virtual Reference mode, while
the others follow it in the Transitory Condition state, as presented in Fig. 6.9. It is important
to notice that, under the step reference of the virtual agent, the overshoots of all vehicles
are independent of their position in the platoon. On the other hand, when the reference is a
forwarding neighbor, as happens with the step reference after the traffic light, the overshoot
influence is propagated backward. So, it is fundamental to adjust the control gains properly to
avoid collision effects or to propose a more smooth profile for the acceleration of the virtual

leader.
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Figure 6.8 — (experiment 2) spacing error of the vehicles over time according to the
leader. After some members are stuck at the traffic light, they manage to
reach the vehicles ahead.

6.3.3 Nonlinear simulation: human-driven vehicle

In this last experiment, we have implemented our strategy with a heterogeneous team
composed of the leader and 9 followers, but this time in the CARLA simulator! (DOSOVITSKIY
et al., 2017), an open-source tool for autonomous driving research that provides a client/server
interface allowing for external communication with many languages, including Python. Here,
also, we set the fourth follower in the team to behave like an HDV, whose time-varying speed
is given by

v4(t) = (0.8 4 0.1sin 0.5t) AVmax,

for t > 20s, the instant in which the platoon is interrupted. Also, to make the simulation more
realistic, we have used typical values for the time-varying communication delay, i.e a uniform
random distribution Ti]'(t) € [0.1s,0.3s] [s] (ABDELGADIR; SAEED; BABIKER, 2016b).

The setup is illustrated as follows, Fig. 6.11 shows the start when all vehicles are
connected to their neighbors, and the HDV is in the parallel lane. After 20 s, the external
vehicle performs a lane change maneuver, and one can observe that its subsequent lower velocity,
below the leader’s speed, forces a split in the platoon. Then, after 50 s, the non-cooperative
agent leaves the road, as illustrated in Fig. 6.12, the moment in which the fifth follower is
allowed to accelerate until it reaches the team in Fig. 6.13. Once again, by applying our
heuristics, we can recover the communication and reach a stable condition, even in mixed traffic
scenarios. Figures 6.14, 6.15, and 6.17 show in detail the position, spacing error, and speed
of the vehicles over time. Particularly with the speed profile, it is possible to see the effects
of the time-varying delay (small fluctuations) and the oscillatory behavior of the HDV, but
our controller is shown to be string stable and ensures asymptotic stability of the closed-loop

formation dynamics under such conditions.

1 <https://carla.org/>


https://carla.org/
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Figure 6.11 — experiment 3) platoon composed of the leader and 9 followers implemented
in the CARLA simulator: (a) the robots start connected, but the fourth
follower (an HDV) delays its predecessors with a low speed;

Figure 6.12 — experiment 3) platoon composed of the leader and 9 followers implemented
in the CARLA simulator: (b) the HDV leaves the road

These results demonstrate that platoon recovery can be achieved without explicit
split/merge maneuvers, relying solely on local measurements and communication. This chapter
concludes the proposed reorganization framework by addressing scenarios in which vehicles
must autonomously recover connectivity after complete communication loss. These results
show that the proposed distributed controller, combined with the recovery protocol, enables
autonomous reintegration of vehicles after complete communication loss, without requiring

global information or controller redesign.
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Figure 6.13 — experiment 3) platoon composed of the leader and 9 followers implemented
in the CARLA simulator: (c) the last agents recover connection and reaches
null spacing error.
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7 CONCLUSIONS AND FUTURE DIRECTIONS

7.1 Conclusions

This thesis investigated the problem of distributed control and reorganization of hetero-
geneous autonomous vehicles organized in platoons under realistic communication constraints.
The main objective was to develop decentralized control strategies capable of supporting stable
platoon formation, reorganization, and recovery behaviors based on local information exchange

among vehicles.

First, a distributed control framework was developed for the formation of heterogeneous
vehicle platoons. The proposed approach relies on local measurements and information received
from neighboring vehicles, adopting a predecessor—follower communication topology. The
results show that, under this framework, stable platoon formation can be achieved even in
the presence of heterogeneous vehicle dynamics. This indicates that global information or
centralized coordination is not required to achieve convergence of the inter-vehicle spacing

error, provided that appropriate local control laws are employed.

Second, reorganization protocols were designed to address structural changes in the
platoon resulting from vehicle entry and exit events. These protocols enable autonomous
reconfiguration of the communication topology while preserving closed-loop stability. The
results indicate that, following such events, the platoon is able to restore the desired inter-
vehicle spacing and reach a new steady-state configuration without external intervention. This
reorganization process is performed in a distributed manner and does not depend on prior

knowledge of the platoon size, highlighting the scalability of the proposed approach.

Third, recovery strategies were proposed to address scenarios in which a vehicle becomes
temporarily disconnected from the platoon due to communication constraints, including limited
communication range and time delays. In these situations, a recovery protocol modifies the
control law of the disconnected vehicle, allowing it to reestablish communication and reintegrate
into the platoon. The analysis and simulation results demonstrate that the proposed strategy
enables the restoration of the desired formation after communication loss, characterizing a

self-recovery capability emerging from the decentralized control structure.

The control design and stability analysis were conducted within the framework of linear
time-invariant (LTI) systems. Classical control theory tools, including pole placement and the
Routh—Hurwitz stability criterion, were employed to establish conditions for asymptotic stability
of the closed-loop system. The analysis considered communication scenarios without delay,
with fixed delays, and with heterogeneous delays, providing admissible bounds on control gains

and delay values that preserve stability.
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Overall, the results presented in this thesis indicate that decentralized control strategies
based on locally available information are sufficient to support the formation, reorganization,
and recovery of heterogeneous vehicle platoons under realistic communication constraints.
These findings contribute to the understanding of cooperative vehicular systems and provide a
foundation for the development of resilient platooning strategies applicable to real-world traffic

scenarios.

7.2 Future research directions

Future research directions include the extension of the proposed distributed control
framework to more general communication topologies, relaxing the predecessor—follower as-
sumption adopted in this thesis. In addition, the incorporation of lateral vehicle dynamics
represents a natural progression of the present work, allowing the analysis of more complex

maneuvers such as lane changes and merges under cooperative control strategies.

Another important direction concerns the experimental validation of the proposed
methodologies using real vehicles. Such validation would allow the assessment of the pro-
posed control and reorganization protocols under practical uncertainties, sensor noise, and

communication imperfections not fully captured in simulation environments.

Future research directions also include the extension of the proposed framework to
cooperative systems composed of vehicles with increasingly diverse dynamic characteristics,
including multimodal platforms operating in land, aerial, and aquatic environments. In this
context, heterogeneous platoons may be envisioned not only as formations of vehicles sharing
the same physical domain, but also as cooperative transportation systems in which cargo or
passengers transition between different vehicles when changing routes or environments. For
underwater vehicle modeling and control, the approach presented in (SHOJAEI, CHATRAEI,

2021) provides a relevant reference for extending the proposed strategies to such scenarios.

Furthermore, the investigation of coupled longitudinal and lateral vehicle dynamics
constitutes an important direction for future work, enabling a more comprehensive representation
of vehicle motion under cooperative control. Related approaches can be found in (GUO et al,
2020), where adaptive control strategies are developed for connected autonomous distributed

electric vehicles.

Finally, the integration of collision avoidance mechanisms based on Lyapunov stability
theory represents a promising extension aimed at enhancing safety guarantees in cooperative
vehicular systems. In this context, the methodology presented in (WANG et al., 2019) offers
a suitable reference for incorporating formal safety constraints into the distributed control

framework.

Overall, these extensions aim to broaden the applicability of the proposed distributed

control and reorganization strategies while preserving their fundamental properties of scalability,
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resilience, and reliance on local information.

7.3 Publications

The studies that generated this thesis contributed to two publications in scientific
journals. The first paper was published in the International Journal of Control, Automation
and Systems (IJCAS) we present a resilient control strategy that ensures the reorganization of
a platoon after vehicle entries and/or exits. In IEEE Transactions on Intelligent Transportation
Systems, we have the results of the vehicle reconnection strategy to the platoon out of com-

munication range and with heterogeneous communication delay. These are the papers:

Godinho, Daniel Almeida, Armando Alves Neto, Leonardo Amaral Mozelli, and Fernando
de Oliveira Souza. "Control and Reorganization of Heterogeneous Vehicle Platoons after
Vehicle Exits and Entrances." International Journal of Control, Automation and Systems 20,
no. 8 (2022): 2437-2446.

https://doi.org/10.1007 /s12555-021-0106-0 (GODINHO et al., 2022)

D. A. Godinho, A. Alves Neto, L. A. Mozelli and F. de Oliveira Souza, "A Strategy for
Traffic Safety of Vehicular Platoons Under Connection Loss and Time-Delay," in IEEE Transac-
tions on Intelligent Transportation Systems, vol. 24, no. 6, pp. 6627-6638, June 2023, doi:
10.1109/TITS.2023.3258633. (GODINHO et al., 2023)
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