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Résumé

Un Systéme Multi-Véhicules/Multi-Agents SMV/SMAs coopératif peut étre caractérisé comme un groupe d‘agents/véhicules
autonomes ayant la capacité de prise de décision, opérant ensemble et cherchant un objectif commun et de maniére collectif
(c'est-a-dire a travers des comportements en groupe) en fonction de leurs perceptions et les informations partagées entre les
agents. Cette thése étudie les méthodes et les techniques du point de vue commande pour maximiser les performances
globales acquises d'un systéme robotique lors de l'accomplissement en coopération d'une tdche donnée en termes de stabilité,
de robustesse, de rapidité et de précision. L'objectif principal est de concevoir des contrdleurs coopératifs de suivi de
formation variant dans le temps pour un groupe de véhicules connectés en réseau, tout en suivant une trajectoire de référence
de formation. Dans la littérature, les approches de commande des SMV classiques ont été profondément étudiées, telle que la
méthode basée sur le comportement, I'approche de la structure virtuelle et la technique leader-suiveur. Cependant, ces
méthodes se sont avérées unifiées dans le cadre des techniques de consensus. La technique de consensus (ou protocole) fait
référence a une loi de contrdle congue pour qu'un groupe d'agents (caractérisé par une dynamique linéaire) parvienne a un
accord sur un variable d'intérét (comme par exemple les états ou les vitesses). Les problémes de consensus ont été étendus a
un controle de formation de SMV. Dans cette these, nous nous concentrons sur la conception de contréleurs de suivi TVF
distribués pour un MVS interconnectés en réseau. La principale contribution a été d'assurer un échange d'informations de
réseau distribué et réduit entre les individus de SMV. De plus, des hypothéses pratiques ont été assouplies telles que la
connectivité du réseau. La stabilitt du SMV a été étudiée en s'appuyant sur la théorie de Lyapunov. Des simulations
numériques ont été fournies pour confirmer les conjectures des développements proposés avec une application sur systemes
multi-Quadrotors.

Mots-clés: Commande coopérative, Théorie des graphes, Théorie de Lyapunov, Systémes multi-agents, Suivi de formation,
Techniques de consensus, Quadrotors, Robots mobiles.

Abstract

A cooperative Multi-Vehicles Systems/Multi-Agent Systems MVS/MASs can be characterized as a group of decision-
making autonomous agents/vehicles operating together and seeking a common and collective objective (i.e., group behaviors)
based on their sensed information and the shared inter-agents information. This thesis investigates the methods and
techniques from a control point of view to maximize the overall gained performance of a robots-system when accomplishing
cooperatively a given task in terms of stability, robustness, speed and tracking accuracy. The main objective is to design
cooperative Time Varying Formation Tracking controllers for a group of networked vehicles, while tracking a formation
reference trajectory. In the literature, classical MVS control approaches have been deeply investigated such as, behavioral
based method, virtual structure approach and leader-Follower technique. However, these methods have been shown to be
unified within the framework of Consensus techniques. Consensus technique (or protocol) refers to a control law designed for
a group of agents (featured by a linear dynamics) to reach an agreement in some variable of interest (i.e., States). The
consensus problems have been extended to a MVS formation control. In this thesis, we focus into designing distributed TVF
tracking controllers for a networked MVS. The main contribution was into ensuring a distributed and a reduced network
information exchange among the MVS individuals. In addition, practical assumptions have been relaxed such as the
connectivity of the network. The MVS stability has been studied relying on Lyapunov theory. Numerical simulations have
been provided to confirm the conjectures of the proposed developments with an application to multi-Quadrotors systems.

Key-words: Cooperative control, Graph theory, Lyapunov theory, Multi-Agents Systems, Formation tracking, Consensus
techniques, Quadrotors, Mobile robots.
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Chapter 1. Introduction and state of the art on systems cooperative control

1.1 Introduction

n the past two decades, rapid advances in miniaturizing of computing, commu-
O nication, sensing, and actuation have made it feasible to deploy a large number
of autonomous vehicles or agents to work cooperatively to accomplish civilian and
military missions. Thus, compared to a single complex vehicle/agent, multi-vehicles
system has the capability to significantly improve the operational effectiveness, re-
duce the costs, and provide additional degrees of redundancy. Having multiple au-
tonomous agents to work together efficiently to achieve collective group behaviors
is usually referred to as cooperative control of multi-agent (MASs) or multi-vehicle
systems (MVSs). Due to its potential applications in various areas such as satellite for-
mation flying, distributed computing, robotics, surveillance and reconnaissance sys-
tems, electric power systems, cooperative attack of multiple missiles, and intelligent
transportation systems, cooperative control of multi-agent (multi-vehicle) systems has
received compelling attention from various scientific communities, especially the sys-
tems and control community.

For a cooperative control problem, the main task is to design appropriate con-
trollers to achieve the desired group objective. Due to the large number of agents,
the spatial distribution of actuators, limited sensing capability of sensors, and short
wireless communication ranges, it is considered too expensive or even infeasible in
practice to implement centralized controllers. Thus, distributed control, depending
only on local information of the agents and their neighbors, appears to be a promis-
ing tool for handling multi-agent systems.

Designing appropriate distributed controllers is generally a challenging task, es-
pecially for multi-agent systems with complex dynamics, due to the interconnected
effect of the agent dynamics, the interaction graph among agents, and the cooperative
control laws.

In this thesis we address typical study of the cooperative control problems of

MASs/MVS including,

(i) UAV-UGVs coordination and robustness with nonlinear vehicle dynamics sub-

jected to unknown external disturbance under centralised control architecture.

16



1.2. Motivations

(ii) Output based feedback Time-Varying Formation control and Distributed Tracking
of MASs/MVSs with general linear agent dynamics based on the consensus tracking
framework. The focus on this part is into relaxing some requirements on the commu-
nication topology among the agents to achieve the overall system stability and render
the proposed formation control more suitable and more applicable in real conditions.
Furthermore, the proposed formation control is designed in sort to reduce the net-
work information exchange-rate among the MASs, which result in a light interaction
burden and decrease the used computing resources. In addition, the effect of the
interaction or the communication topology among the networked agents on the con-

vergence rate is further studied.

The study is conducted for large-scale MASs/MVSs, from centralized control archi-
tecture to a fully distributed one, from formation stabilisation to formation tracking
under Leader-Followers control structure, from undirected communication topology
to directed one, and from a leader whose control input is zero to a leader whose

control input is nonzero and unknown.

1.2 Motivations

A] What is a MAS/MRS:

An agent is a computable entity with the ability of communication, collaboration
and adaptability, which can take flexible and independent actions to achieve the tasks
by interaction with the environment. Roughly talking, it denotes a dynamical system
which can be a ground or underwater vehicle, an aircraft, a satellite, a smart sensor
with microprocessors, and so on.

In some literature, multi-agent systems are also called multi-vehicle systems (MVS)
or multi-robot systems (MRS), with efforts to avoid causing confusion with the multi-
agent systems in computer science. The multi-agent systems concerned in this thesis
and in the robotics, systems and control community are quite different from those
in the computer science community, regarding the meanings, the objectives, and the

commonly used tools, even though they share the same name. Therefore, hereafter we

17



Chapter 1. Introduction and state of the art on systems cooperative control

denote by agent a physical vehicle/robot that is featured by certain dynamics. Thus,
each agent is equipped with a micro-controller or processor, sensors, actuators, and
with the capability to communicate with other agents (e.g., transceivers). Therefore,
the theories proposed for MASs can be applied to the MVSs/MRSs of which the
types are ground, aerial or underwater vehicles. Those vehicles are usually featured
by nonlinear dynamics and may need to be linearized to adopt the proposed theories

in relation with the MAS theory such as the consensus techniques.

Currently, multi-agent system (MAS) has become one of core concepts in Artificial
Intelligent (AI) area, and has been applied to research of Distributed AI. A MAS can
be seen as a group of complex distributed intelligent vehicles. The characters of MAS
contain: (1) Each agent has limited information resources and problem solving abil-
ity; (2) Global control is inexistent in MAS system; (3) Knowledge and data may be
continuous of discrete; (4) Computing is executed in asynchronous mode. Actually,
a multi-vehicles system approximately can be treated as MAS, in which each vehicle
can be treated as a intelligent and autonomous agent with the ability to deal with

local tasks and the ability to coordinate with neighbouring agents.

B] Why cooperative control of MAS/MVS:

Over the past two decades, the researches on Multi-Agent (Multi-Robot) Systems
(MASs, MRSs) control and coordination have attracted considerable attention from
different fields. In particular with the rapid advances of communication, sensing and
embedded techniques. This is due to the broad applications a MASs offer such as,
surveillance, transportation, cooperative construction, search and rescue and forest
tire-monitoring [3,4]. Among the aspects related to the MASs, the cooperative control
problems have attracted the attention of scientists. This is because of its essential role

for the coordination of systems consisting of multiple robots/agents.

The distributed cooperative control of a MVS/MAS can be characterized as a
group of decision-making autonomous agents/vehicles operating together and seek-
ing a common and collective objective (i.e., group behaviours) based on their sensed
information and the shared inter-agents information. Here cooperative refers to a

close relationship among all vehicles in the group where information sharing plays
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Figure 1.1: Configuration of a MASs.

a central role. If there is no inter-agents communication or information sharing (ex-
changing) through form example a wireless network, we denote the cooperative con-
trol in this case as decentralized. Given a group objective, the cooperative control
problem of MASs is mainly composed of three components, namely, the agent dy-
namics, the interactions among the agents, and the cooperative control laws required
to achieve the group objective. The configuration of these three components is de-
picted in Fig. 1.1. The selection of the cooperative control laws depends on the agent
dynamics and the interaction topology. The interplay of these three components gen-
erally renders the design of the control cooperative laws troublesome, especially for
the case with complex agent dynamics. For different scenarios, the dynamics of the
employed agents may also be different (i.e., first integrator, second integrator, general
linear dynamics). For MASs concerned by the systems and control community are
generally dynamically decoupled from each other, which implies the necessity of co-
operation in terms of information exchange between the agents to achieve collective
behavior. Specifically, each agent needs to receive information from other agents via
a direct sensing or communication network. The interaction (information exchange)

topology among the agents is usually represented as a graph.

Broadly speaking, a distributed MVSs/MASs coordination/control algorithm has
to satisfy four different constraints for it to be useful, namely it must be (i) local in
the sense that individual vehicles can only act on information it has available to it,
i.e., through sensing or active communications, this is sometimes referred to as "dis-
tributed"; (ii) scalable the algorithms executed by the individual robots cannot depend

on the size of the entire team for instance, sometimes referred to as "decentralized";
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Figure 1.2: Laboratory and real-world cooperative control examples.

(iii) safe, as vehicles are physical agents deployed in the real world, they must be safe
both relative to collisions with each other and relative to the environment; and (iv)
emergent in the sense that global properties (e.g., give example) should emerge from

the local interaction rules, preferably in a provable manner and not predefined[4].

The motivation for cooperative control of MASs can be summarized as follows:

1. The deployment of cooperative group of robots to accomplish a mission yields
greater benefits comparing to a single robot performing solo mission in terms of,
power, reliability, efficiency, and accuracy.

2. It is much cheaper to build some robots/vehicles that have limited function than a
single powerful robot/vehicle.

3. Multiple robots/vehicles can solve problems faster than only one and increase ro-
bustness through redundancy.

4. Some missions can not be accomplished with a single robot.

C] Why fully distributed control:

The overall control architecture of MASs/MRSs has a significant influence on the ro-
bustness and scalability of the whole system. The most common control architectures

or structure of MASs are[5, 6],
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1. Centralized control architecture: this architecture control is based on the assump-
tion that a unique central station (i.e., control unit) is available and sufficiently power-
ful to manage the whole information about environment and to calculate the control
inputs for the whole group of vehicles (i.e., decomposes and assigns tasks through
plan algorithm and optimize algorithm, organizes vehicles to complete tasks by send-
ing commands). This architecture has the advantage that all information is collected
by a single unit. However, obviously this model has disadvantages in flexibility, inte-

grality, expandability and fault tolerance.

In the other hand, in decentralized control architecture, the action of each robot is
based only on local sensing information. Meaning, each agent has its own control unit,
and there are no central units. The method exhibits robustness, scalability and par-
allel processing yielding high computation gain. however, the method suffers of the
inability to achieve a group optimal performance at all times, since each robot/agent
cannot predict the group behaviour, because it has only limited and incomplete infor-

mation of the other individuals.

2. Hierarchical: This architecture is directly inspired by the military command pro-
tocol, where it is recommended for certain applications. It is based on the idea that
some robots can command, like leaders (i.e., supervisors), that is, a small group of
robots. Once more, as in centralized architectures, the problem with this approach
lies in the case of the failure of supervisors.

3. Hybrid structure: This architecture is a compromise between the centralized archi-
tecture and the decentralized architecture. In particular, it is based on the idea that
one or more high-level supervisors affect the tasks, lower-level resources and robots
in the hierarchy using the local information to accomplish predefined tasks.

4. Distributed architecture: In the contrary to centralized architecture, the distributed
architecture does not require a central station for control. In addition, no global infor-

mation is required for the implementation of the local agents-controller.

The distributed control architecture has many advantages in achieving cooperative
group performances, especially with low operational costs, less system requirements,

high robustness, strong adaptability, and flexible scalability, therefore has been widely
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Figure 1.3: Comparison between the different MAS/MRS control architectures, (a) centralized, (b)

decentralized and (c) distributed.

appreciated. However, theses advantages come at the cost of becoming far more com-
plex in structuring, organization the MAS/MRS and in designing local controllers.

It is further worth to note that the decentralized architecture is a subset of the
distributed architecture. The main difference is that in the latter, the individuals can
exchange locally states and control parameters with their neighbours, whereas, in the

decentralized method the vehicles are not interacting locally through communication.

Remark 1.1 It is worth mentioning that both the centralized and distributed control archi-
tectures are the most adopted and are considered to be practical depending on the situations
and conditions of the real applications. For example, the centralized control structure may
come more adequate for controlling a few number of slow dynamics UGV's operating in free-
obstacles environment. However, the distributed method is believed more promising due to
many inevitable physical constraints such as limited resources and energy, short wireless com-
munication ranges, narrow bandwidths, and large sizes/number of vehicles to manage and to
control. Thus, distributed control structure, depending only on local information of the agents
and their neighbours, appears to be a promising tool for handling MRSs/MRSs. Therefore, in
this thesis, the centralized method is adopted in Chapter-2 and 3, while the focus is relatively

more on the distributed tracking feature in rest of the thesis.

In the literature, many distributed controllers designed in the existing works such as
[7-9], cannot apply to large-scale systems. In other words, the designed controller in

the aforementioned works are not fully distributed. This is because the controllers

22



1.2. Motivations

design requires the knowledge of some global information of the system like, (i)
the knowledge of the Laplacian matrix £ of the communication topology, e.g. the
minimum eigenvalue of £, or (ii) the total number of the robots/agents. Therefore,
designing the control protocol with the fully distributed property is important, vital

for practical applications and challenging.

D] Why Time Varying Formation TVF tracking

Among the branches/problems related to the cooperative control of MASs/MRSs
such as consensus control, flocking, formation control, containment control, coopera-
tive synchronization; the formation control is considered as one of the most important
issues and an interesting and very active research topic. This is due to its main role for
the success of any task executed by a MRSs that requires synchronized motion control
[3]. In addition, formation control is applied to numerous areas and wide range of
applications such as, target enclosing, sensor networks, cooperative surveillance, load

transportation and localization [10-13].

A TVF tracking refers to the ability of MRS to change its formation shapes (i.e. ge-
ometric relations between robots) in certain circumstances, while tracking a reference
trajectory and keep being stable simultaneously. The formation shape changing can
be required for many reasons such as,

1. Covering large parts of an area, wherein specific applications relating to environment-
mapping, the ability of a MRS to spread out and to gather is essential.

2. Avoiding obstacles during the formation motion is critical for the MRS, where it is a
practical way for the MRS to change the shape of the formation when facing obstacles
to avoid collision.

3. Tracking and enclosing a target, where a group of robots needs to adjust the for-
mation shape in such a way to track and surround a target for protection purposes,

for instance.

E] Why heterogeneous MASs

In the literature, the first works related to MASs/MRSs dealt with the large scale of

homogeneous agents/vehicles, called swarms which obtain inspiration from biologi-
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cal societies (particularly ants, bees, fishes and birds) to develop similar behaviors to
accomplish impressive group tasks (see Fig. 1.4). In such swarm systems, individual
agents/robots are usually unaware of the actions of other robots, other than informa-
tion on proximity. In contrast, heterogeneous agents/robots in which team members
may vary significantly in their, (i) types or the operating environment (ground, aerial,
underwater robots), (ii) behaviour and dynamics, (iii) size and cognition, (iv) capa-
bilities, gain an increasing researchers attention more and more since the last decade.
The motivation to investigate heterogeneity can be three folds[5],

1. From designing aspect, with heterogeneity, different robots can have different ca-
pabilities (boardability, mobility, energy autonomy, field of view) and a complemen-
tarity to finish a cooperative task with less cost (e.g., localization, reconnaissance and
surveillance task by aerial-ground robots).

2. From engineering aspect, sometimes it is too difficult do equip the same robots with
all the necessary calculating, sensing and executing equipments to finish a specific co-
operative task. Therefore, robots in team can have different functionality resulting in
an increase of the achievable performance(See Fig. 1.5).

3. It is nearly impossible to build a truly homogeneous systems in reality.

1.3 Overview on MAS/MRS Formation Control

1.3.1 Formation Control approaches

The motion control of MRS has received considerable attention from researchers in
the robotic community. In literature, the MRS/MAS motion control is mainly based
on three approaches. The most common one is, (i) leader-follower, in which some
robots are assigned as leaders while the rest of the formation robots are considered
followers. Each follower is controlled in order to maintain with its leader a given con-
tiguration, while the leader tracks a predefined reference trajectory. This approach
presents the advantages of simplicity and efficiency. However, the main drawbacks
are in error propagation, non self-organization formation, and when one of the leaders

fails to track its trajectory, its follower robots fail too [14]. To overcome these limita-
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(b) Swarm bees.

(c) Swarm fishes. (d) Swarm birds.

Figure 1.4: Examples of swarm from nature.
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Figure 1.5: An example of an heterogeneous system consisting of two quadrotors with different ca-
pabilities (one equipped with optic-detection system and the second with launch-fillet system), where
the UGV is charged for recovering the intruder target. The whole system is charged for surveillance,

detection and neutralizing intruded targets.
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tions, other alternative solutions are proposed by implementing leader reassignment
technique or by adopting a strategy based on a virtual leader [15]. Another control
approach is, (ii) the virtual structure model, where the leader is virtual and the sys-
tem is considered as a virtual rigid body with a fixed geometric model describing
the spacial relationship among robots [16]. Therefore, the leader never fails and the
stability of the whole system is not depending on the leader. The third motion control
approach is, (iii) behavioural-based method, in which we assign to each robot/agent
some desired local interactional sub-behaviours (i.e., robot-robot spacing, obstacle
avoidance, goal-achieving), and the combination of these sub-behaviours results in a
robot final behaviour [17]. The method exhibits the advantages of decentralization
aspect, scalability, robustness, and easy implementation. However, the method re-
quires high computations gain. The aforementioned MRS/MAS control approaches
can be unified within the general framework of the consensus-based methods or con-
cept[18]. The consensus techniques/protocols are based on the idea where all the
vehicles update individually their information state relying on their local sensing and
the exchanged neighbour’s information states. As a result, the entire vehicles final
information state converges to a common value. Therefore, an agreement is reached
by all the agents/robots on certain variables of interest (e.g., states or a function of
states). The states could represent vehicle headings positions or outputs, estimates
of sensor readings in a sensor network, oscillation frequencies in a oscillators-group,

and so on.

1.3.2 Sate of art on MASs/MRSs Formation Control

Centralized and Distributed cooperative control has been researched for decades, par-
ticularly in control community. The motivation has been stated clearly in Section-1.2.
Many research branches relating to cooperative control field have appeared such as,
formation control [19], cooperative synchronization [20], consensus control [21], con-
tainment control [22] and UAV-UGVs coordination [23]. In this thesis, the main focus
is attributed to the consensus control, formation control, and in particular to the TVF

tracking of a MVSs.
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Many frameworks have been reported in TVF tracking of UGVs group assisted
by a UAV. In [24], the authors have considered a cooperative maneuver among a
UAV-UGVs system, where the UGVs are guided by the UAV for obstacles avoidance
purposes. In [25], a coherent TVF control of heterogeneous multi-agent system was
considered. Lyapunov theory and synchronization method were used to design a
decentralized controller to stabilize the swarming of UAV-UVGs system. In [26], a
vision-based control method was presented for the guidance of a set of UGVs to
reach a desired formation. The UVGs control relies on multiple cameras-equipped
UAV as a control unit. In [27], a self-assembling of UGVs formation assisted by UAV
was proposed, where the UAV uses the environment views to control and supervise
the morphology formation of UGVs. In [28], a leader-follower based approach was
presented for heterogeneous UAV-UGV system control. The controller is based on
kinematic models and relies on a centralized structure. Similar to [28], the authors
in [29] proposed a virtual structure based approach to control a line formation of
UGVs guided by a quadrotor. The method is based on kinematic models too. In
[23], an improved expert PID target tracking control algorithm was proposed for the

UAVs-UGVs system yielding an improvement of the system stability.

Almost all the frameworks mentioned above did not consider the dynamical mod-
els of the heterogeneous MRS. Furthermore, the handled formation shapes are specific
forms such as (circle, line, rectangle,...,etc.). However, in practical applications, track-
ing free formation shapes by MRS is very practical, without losing the system stability.
In [30] an operator named Elliptic Fourier Descriptors (EFDs) has been used for shape
modeling and robots path planning. Image processing and computer vision are ba-
sically the fields that use the EFDs, where free-form shapes (i.e., closed contours)
could be represented in digital images. In [30], the parametric and implicit models
of the desired formation shape have been used to design the robots convergence con-
troller. However, the controller is valid only for robots featured by first integrator
model. Dynamic EFDs have been introduced in [31], and a formation controller has
been derived to maintain a group of holonomic robots on a dynamic 2D curve. In our

previous work [2], we extended the method proposed in [31] to design a controller for
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3D planar formations shapes tracking using an extended dynamic version of EFDs.

It has been shown that many existing formation control approaches such as leader-
follower, behavioural and virtual structure approach can be unified within the general
framework of consensus control [18]. The consensus problem has been extensively
studied for different continuous or discrete dynamics node under fixed or switching
topologies. Then it is extended to formation control based consensus with first order
dynamics node[32], second order dynamics [33,34] and general linear dynamics [20,
35,36]. The difference between formation control and consensus control is that in
consensus control, an agreement among the agents in term of some variable of interest
(i.e., states) has to be reached. While in formation control, a desired configuration is
required to be achieved by the agents, thus constraints on the desired formation are

to consider.

In general context, depending on whether the formation has a reference trajectory
or not, formation control can be categorized into two sub-branches. Firstly, the for-
mation stabilization (leaderless), that refers to design protocols for a MASs to only
achieve a desired geometric shape. Secondly, the distributed formation tracking or
leader-follower formation tracking. In this latter, the followers agents seek achieving
TVF configuration while tracking the trajectory of the real/virtual leader [6]. The
algorithm design in formation tracking is more challenging and difficult. However,
it provides high level applications such as target enclosing [10,37]. The formation
control consists on designing algorithms for a group of networked agents with on-
board sensing. Moreover, interaction capacities are considered to reach and maintain
a desired (fixed or time-varying) configuration autonomously, while keep being stable

3,6].

Many interesting frameworks within the context of Time-Varying Formation (TVF)
control of MASs featured by general linear dynamics and based consensus control
framework have been achieved. In [35,38,39], TVF control of networked MASs relying
on relative state exchanging is proposed. In this case, the authors assume the inter-
action topology to be undirected and some global information such as the smallest

eigenvalue of the Laplacian matrix are required. In [8], successful implementation of
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TVF stabilization for high order general linear MASs under directed topology is pre-
sented. However, in this latter, the communication network is assumed to be strongly
connected. Furthermore, the proposed protocol is not distributed and is based on
relative-state exchange. The protocol is said to be fully distributed when it is not de-
pendant to any kind of global information such as the global number of agents or the
structure of the interaction topology. This property is necessary and vital for practical

applications.

In [36,40], an interesting distributed TVF stabilisation is presented, however, it is
valid only for undirected graphs. Note that undirected graphs implies bidirectional
information exchange, therefore, more communicating resources are needed, which is
less suitable assumption in real applications. In [41,42], the authors have extended the
proposed protocol in [36,40] to directed graphs. However, the control protocol is still
based on relative full-state exchange and deal only with TVF stabilization. In some ap-
plications, only partial system states are measurable, thus, implementing distributed
relative-output measurement based TVF control is more interesting and practical. In
[43], distributed adaptive TVF stabilization based on relative output-feedback is pro-
posed. However, it is valid only for graphs being undirected. The latter protocol has
been extended to TVF stabilization (leaderless) under directed interaction topology
in [44,45]. However, some constraints are assumed such as full rank of observation
matrix B, and some extra conditions on the desired TVF are to be satisfied. More-
over, the interaction topology is assumed to be strongly directed rather than to have

a spanning tree, which is a mild condition that implies less network communication

links.

All the above works have dealt only with TVF stabilization (leaderless). In [46—
48], distributed TVF tracking implementations for high order MASs have been made.
However, some assumptions have been imposed. Firstly, the leader’s input is assumed
to be zero and only undirected interaction topology is considered. This is considered
as restrictive, in the sense limited classes of formation trajectories can be generated
with leader of zero control input. Secondly, the leader’s input is assumed known to

all the followers with bidirectional information exchange. Thus, implies an increase
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of communicating resources and may make the control less robust.

1.4 The structure of the thesis

As stated previously, the focus of this thesis is the development and analysis of coop-
erative and adaptive TVF tracking algorithms for a formation of agents/vehicles (ex.,
UGVs and UAVs). Besides the present introduction chapter, the thesis is developed

in three additional chapters.

Chapter 2 is devoted to construct an analytical frame of the branch UAV-UGVs sys-
tem control and coordination. As such, the aim is to develop and design a tracking
control for the UGVs (i.e., two-wheeled mobile robot) group assisted by a UAV (i.e.,
quadrotor) which acts as an eye in the sky or a leader. Consequently, it is natural
to opt for the leader-followers control approach. The cooperative control of UAV-
UGVs system in this chapter is investigated under centralized control structure (the
UAV plays the role of central component). The main aims are to design cooperative
tracking controller to improve the coordination and the flexibility on the choice of
the desired UGVs-formation shapes, to provide a closed loop dynamics stability anal-
ysis and enhancing the robustness property of the cooperative control face external
disturbances and unmodelled dynamics. In this chapter the UAV-UGVs system con-
trol is studied from a control point of view, where the complete dynamical models
of the vehicles of (i.e., UAV, UGVs) are considered under the assumption of perma-
nent communication-links among the UGVs and the UAV. As a result, the distributed
property isn’t under scope in this chapter. The desired formation shape is modelled

by using the EFDs tool and the implicit polynomial functions.

Chapter 3 is devoted to present a formation cooperative control for a group of ho-
mogeneous UAVs (i.e.,, quadrotor) to achieve a deployment behaviour. We expand
the 2D-EFDs formation based control method presented in [31,49] to design deploy-
ment control of a UAVs (i.e., quadorors) group based 3D-EFDs model. The proposed
deployment control is based on virtual structure control approach consists of converg-

ing the quadrotors to a planar 3D contour defined by the EFDs and the correspondent
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implicit function. The particularity of the proposed formation lies in the ability of
tracking 3D planar free-form formation shapes relying only on the knowledge of their

EFDs parameters.

Chapter 4 presents a unified framework of distributed output TVF tracking control
design for homogeneous Linear Time Invariant (LTT) MASs based on an observer view-
point and relying on consensus region approach to design distributed cooperative control
laws. The formation vehicles are viewed as agents equipped with on-board-sensors,
local communicating capabilities and featured by linear dynamics. The interaction
(i.e., communication) among the agents (i.e., vehicles) is modelled using graph theory
tools (eg., Laplacian and Adjacency matrices,...,etc.). The opted control structure of
the MASs/MVSs is Leader-Follower. The analysis is presented from undirected inter-
action topology to a directed one, and from a leader with zero control input to a one

with unknown and bounded control input.

The analysis in chapter-4 is conducted in order to derive a description as global as
possible of the closed loop dynamics stability induced by the proposed protocols by
using the Lyapunov theory. As a consequence, a quantitative and qualitative descrip-
tion of the advantages (contributions brought) given by these algorithms are given
comparing with the previous frameworks in the literature. The proposed algorithms
are designed in a fully distributed fashion (see Section-4.4). Thus, each agent (vehi-
cle) is able to implement local controller without using any global information relating
the interaction topology such as the smallest eigenvalue of the Laplacian matrix or the
global number of agents. Further, the proposed algorithms are designed in order to
reduce the overall network information exchange among the agents. Thus, the agents
exchange locally their outputs vectors rather than the agent state vector. In addition,
an analysis of the effect of the communication graph on the MASs convergence rate
is provided. Finally, the designed cooperative tracking controllers (protocols) were

applied to a group of UAVs (i.e., quadrotors).
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Figure 1.6: Organization of the thesis.

1.5 Main contributions

The main contribution of this thesis can be summarized in two parts as follows,

1] In the UAV-UGVs cooperation control branch (Chapter-2), the focus in this part
of the thesis was into improving the flexibility and the robustness of the UAV-UGVs

cooperative control, as such,

* A novel deployment controller for the UGVs based on the kinematic model is
proposed. In which, the nonholonomic constraints are considered. The key idea
is in using the estimated implicit representation of the desired formation as a

potential function to generate the UGVs reference trajectories.

* A novel robust cascaded velocity-torque controller based on the UGV kinematic
and dynamic models is proposed to ensure the UGVs TVF-tracking. The key
feature of the controller design is first, in introducing a virtual auxiliary control
input to control indirectly the actual UGVs velocity vector. Next, we added a
switching term to the torque input, to compensate for the unknown external

disturbance and the unmodelled dynamics.

* A dynamic version of the EFDs tool to model the motion of the desired UGVs
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formation shape has been introduced. Thus, the dynamics of the formation is

considered in the TVF tracking design.

2] In the second part of the thesis, the main challenge in formation control of a net-
worked MASs, is that the control algorithm design must be fully distributed. Thus,
the agent uses only the exchanged information from neighbours. Furthermore, it has
to be independent of any global information such as the global number of agents, or
the communication structure (eigenvalues of the Laplacian matrix). Moreover, some
assumptions and constraints on the interaction topology among agents need to be
relaxed, such as being undirected or (directed and strongly connected). This latter
fact may increase the network burden and the communicating resources compared to
directed topology containing a spanning tree. In other words, computation complex-
ity is proportional with the increase of the interconnection links among agents over
the network [50]. Another aspect to be considered when dealing with the formation
control is the size of exchanged information among agents that is required to be min-
imized as possible. Hence, relative-outputs feedback based formation control is more
suitable in real application than relative-states feedback based formation control. It is
worth noting that dealing with distributed formation tracking under leader-follower
schema is more challenging than formation stabilization (leaderless). In particular,
when the leader’s input is nonzero, unknown and its output measurement is avail-
able to at most a small subset of the followers.

The distributed formation control considering the above facts become very suit-
able, adaptive, flexible and promising for real applications in different situations. In
particular, when some physical constraints are inevitable such as, short and/or direc-
tional wireless communication ranges, limited resources and energy, communicating
interference, high number of systems and narrow bandwidths [6,50]. Hence, studying
the fully distributed output feedback formation control under directed topology hav-
ing a spanning tree (minimal communication links) ensuring: (i) reduced exchanged
information among agents and (ii) considering a leader with unknown nonzero input
is necessary, practical and vital. The contributions in this part are summarized as

follows,
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¢ Firstly, an adaptive and fully distributed TVF Tracking controller is proposed.
In this controller, the leader’s input is zero. Moreover, only one local observer
is designed for each agent to observe the synthesized network formation sig-
nal. Thus latter contains only the neighbouring output measurements and the
output of the distributed observer’s states. Thus, agents aren’t required to ex-
change the local observer states, which result on a less information exchange
among agents. In other words, the proposed protocol enables reduced network
information exchange. This is due to the fact that the size of the output system
signal is generally smaller than the size of state system. Furthermore, the TVFT
control design relies on the fact the leader’s output is known to only a subset
of followers (at least the rooted follower agent). These result in a mild require-
ments and make the controller more suitable for real applications and applicable

for large scale systems.

* Secondly, the first proposed controller is extended to the case where the leader’s
input is nonzero, bounded and unknown to all the agents. Partly inspired by
[51,52], a discontinuous protocol is proposed. In which, the idea is to deal with
the leader’s nonzero input as an external disturbance that has to be compen-
sated. It is worth noting that no constraints are assumed on the agents dy-
namics such as assuming the observation matrix B to have full rank and some
extra-conditions on the desired TVF as in [53]. Thirdly, the tracking-error con-
vergence rate analysis of the MASs towards the desired formation is provided,
and then the proposed protocol has been applied to group of Quadrotors, by
using a feedback linearization technique to achieve distributed TVF tracking

scenario as an example of target enclosing and trajectory tracking application.
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Chapter 2. Parametric and implicit features based UAV-UGVs Time-Varying
Formation tracking: Dynamic Approach

2.1 Introduction

HE collaboration in MVSs offers valuable advantages comparing to the use of
T a single robot when accomplishing complex tasks, and increases the capabil-
ities and the efficiency of execution. One of the promising research branches of
MVSs/MRSs is UAV-UGV control and coordination. The researches on UAVs- UGVs
control and coordination have attracted increasing attention. In particular with the
rapid advances of communication, sensing, and embedded techniques. This is due to
the broad and various applications of UAV-UGV coordination systems in both civil-
ian and military fields such as exploration, surveillance and inspection, rescue, and
environmental monitoring. The UAV-UGV coordination has demonstrated the capa-
bilities in providing effectiveness, robustness, reliability, and practical solutions to the
real-world that cannot be brought by other types of coordination.

Among the aspects relating to MRSs control, we consider in this chapter the time-
varying formation tracking of a UGVs group assisted by a UAV that acts as an eye in
the sky and as leader that decides the UGVs formation shape. The opted MRS motion
control is Leader-Follower. A TVF control refers to the ability of MRS to change its
formation shape (i.e. geometric relations between robots) in specific conditions, while
tracking a reference trajectory and preserving the whole system stability.

In this chapter, we consider two tasks to be accomplished by the UGVs-UAV sys-
tem. Firstly, UGVs will carry out the deployment task, which consists of forming an
initial free geometric configuration around the planar position of the quadrotor. In
the second task, the UVGs will track TVF shapes while tracking a formation refer-
ence trajectory. The UAV-UGVs system is studied from a control point of view, where
the complete dynamical models of the MRS are considered (i.e., heterogeneousness is
considered) and the assumption of permanent communicating-links among the UGV
and the UAV is assumed in this chapter, thus the distributed property isn’t under
scope. The principal control aims are the flexibility in the choice of the formation
shapes through the use of the EFDs tool, and the MRS stability and robustness face
the external disturbance and the unmodelled-dynamics. We first present the EFDs

formation modeling tool, the complete dynamical models of the mobile robot and
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quadrotor are further developed. Then, we illustrate the UAV-UVGs system control
structure, followed by the design of the UGVs deployment control and the TVF track-
ing velocity-control designing. The UGVs formation robust torque-control design and
the stability analysis with some meaningful remarks are further detailed step by step.
Finally, the proposed formation controllers are validated through numerical simula-

tion and experimental results.

2.2 UAV-UGVs system model

The control designing of a UGVs formation assisted by UAV is more challenging than
the control of a homogeneous system. Because in the UAV-UGVs, each agent may
have different dynamics and constraints. In this section, we highlight this challenge.
Firstly it is described how to model parametrically a 2D time-varying formation shape
using the EFDs and its corresponding IPF. Secondly, the dynamical model of the UAV
(i.e., quadrotor) is presented, which will be considered as a flying leader of the ground
mobile robots formation. The UAV decides the desired formation shape as well as the
formation reference trajectory. Finally, the dynamical model of the UGV (i.e., two-

wheeled mobile robot) is briefly presented.

2.2.1 Parametric and Implicit Representation of planar curve
Elliptic Fourier Descriptors EFDs

The EFDs were originally introduced [54], where the authors proposed to use the
elliptical descriptors of a planar curve (i.e., contour) with Fourier descriptors repre-
sentation. Therefore, any free-form 2D curve is defined by EFDs as a sum of ellipses.
EFDs operate as a transformation featured by translation, rotation, and scale. Biol-
ogy and anatomy are the applications fields most relating to the use of EFDs Fig. 2.1.
[30,55] show how to model a closed curve using the EFDs as,

x(6) = ap+ k’%l (A cos (k&) + Bysin (k6))

- (2.1)
y(8) =co+ kZ (Ck cos (ko) + Dysin (ko))
-1
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In (2.1) , k is an index and n;, denotes the number of harmonics used to represent the
curve. ag and ¢g are the coordinates of the curve center, and A = [A,.. .,Anh]T €
R%*1 B € Rm*1 C € R"*! and D € R™*1 are vectors that represent the curve
descriptors. The number of harmonics defines the representation accuracy, where the
bigger is 1y, the more accurate representation the curve is. x(6) and y(d) denote the
coordinates of the points forming the curve contour. These coordinates are expressed
as functions of a normalized parameter 6 with § € [0,27]. For example, the EFDs

parameters of a circle are given as,
T T
[‘10 C()] I[xo yo} ;A=R;B=0,C=0;,D =R;n, =1.

where (xo,10) and R, are respectively the coordinates of the center of the circle and
its radius.

It is further possible to estimate the EFDs vectors of any 2D closed curve defined
by a set of points, with coordinates denoted by (x;,y;),i € [1, M;]. The EFDs vectors

are estimated as in [56], [31],

M M
A = MLS Y. xjcos (ké;) ; By = MLS Y x;sin (k6;)
1 ;\ZS 1 N -
a0 = 1 '21 (xi)ico = 31 _Zl (i) ik € {1, np}
\ = =

where M; is the number of points that define the curve and J; = i271/M;. It is worth
noting that the precision of estimation is dependent to the choice of the number of
harmonics ny,.

To show how EFDs can be very useful for defining and modeling any 2D curve,
Fig. 2.2 is depicted as an illustrative example, where the desired curve is defined
in a dotted-line on an acquired image for surveillance purposes. This curve can be
modeled using (2.2), and then reconstructed using (2.1). In virtual fashion, we can
represent and model any desired closed 2D curve based on this method increasing the

flexibility of the description. The authors in [31] proposed an approach to describe
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(b)

40 50 60 70 80 90
x(m)

Figure 2.2: Example of a 2D closed curve reconstructed after modelling using EFDs from an acquired

image.

and to model the motion of a 2D free-form curve using dynamical EFDs as,

x(6,t) = ap(t)

y(6,1) = co(t)

1y,
+ Y. (Ax(t) cos (ko) + By(t)sin (ko))

Kl (2.3)
+ Y. (Ci(t) cos (ké) + Dy (t)sin (ké))

k=1
where A € R™>*1, B(t), C(t), and D(t) are time-varying vectors and they are referred
to as dynamical EFDs vectors and ag(t), co(t), x, y, 6, ny, are already defined in (2.1).

The parametric description (2.3) can be expressed as,

x(6,t) ap(t)

+ EFDs(t) (2.4)
y(6,1) co(t)

where EFDs € RR? is a relative offset vector relating the points of the curve contour
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with the curve center coordinates. Dynamical EFDs will be used to model the time-

varying formation shape of a group of robots.

Implicit Polynomial Function (IPF) of a closed 2D curve

Further to the parametric representation (2.3), 2D curves could also be represented
using an IPF denoted by #(x,y) = 0. This implicit function of a closed curve is
derived by the implicitization of the EFDs vectors. In this study, the IPF is obtained
using the method detailed in [1]. The IPF that represents a closed curve modeled by
EFDs takes the form,

Hxy) = Y. apx'y =0 (2.5)
0<i+j<dy

where a;; are coefficients and d) is the polynomial degree with d, = 2n;, [1]. For
example, the IPF of a circle is defined as H (x,y) = (x — x0)? + (v — yo)? — R?, where
(x0,y0) and R are respectively its center coordinates and radius. The IPF of the for-
mation shape can be considered as a potential fields function that could have control

purposes.

2.2.2 Dynamical Model of a quadrotor UAV

In this section, the dynamical model of a quadrotor used as the UAV is presented. This
latter is considered as a rigid body. Let F, = (Ow, Xw, Yw, Zw) be the global inertial
frame, and let F; = (Og4, Xy, Yy, Z;) be the body-fixed frame. Let 7 = [y, 6y, zpq]T
describes the orientation of the quadrotor (Euler angles) and x, = [x4, 4,247 denotes
the position of its mass center with respect to the inertial frame.

A brief explanation of the classic process is given in order to derive the simplified
dynamical model [57,58]. The structure and the propellers are rigid and symmetric.

The translational and rotational dynamics are expressed as,

Myxq = —diag(Kf)xXq — Myge, +uzRq (9q, 04, 4) e

. (2.6)
Iqu = —Wpg X Iqu + G, + Ty
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where e, = (0,0, 1)T denotes the unit vector of Zy-axis, R, is the rotation matrix from
the body frame to the inertial frame, M, is the quadrotor mass, g is the gravitational
K

acceleration, u, is the total thrust and K F= K fxs K fyr K 2| are the aerodynamic trans-

lation coefficients along the x, ¥ and z axes respectively.

Wp = Wy, Wy, wp,]T denotes the angular velocity, I; = diag(lgx, Igy, 15z2) is the diag-
onal inertia matrix, 7; = [u¢, Ug, ulp] T are moments due to propellers forces acting on
the quadrotor along the x, y and z body-fixed frame axes. G, = []réqﬂr, ]r¢qu, 0] T de-
notes the propellers gyroscopic effect with (3, = —(y + Oy — O3 + ()4 is a mixture of
rotors speeds and J; is the rotor inertia [57]. The quadrotor rates wp are transformed

into Euler angular rates 7 by the following relation,

1 Sy,tant; Cyp, tant,
=10 Cy, —Sg, wWp (2.7)
0 S¢,/Co, Cg,/Co,
where Sy and C ) are abbreviations for sin(.) and cos(.) respectively. The dynamical

model of the quadrotor could be written using (2.6), (2.7) as follows,

Xo= |4, | = — W Yq + gt 2.8)

. y i (=L J:0,Q% | u
?q Oatpg ( T ) B b
3 .. . _ ey
=165 | = | $athg (Izlylx> + WIZ +1 (2.9)
. .o Li—1I u
i beby (A7) + 1
In (2.9), uy and uy are considered as virtual control inputs for x; and y, states, defined

as [58],

Uy = Cl/JqSGqCCPq + S¢q5¢q; Uy = SlpngqC% — C%S%
The quadrotor control inputs uy, ug, uy and u, are defined as,
up = b3 — QF];up = b[OF — OF]
4
uy = o[+ 05 -5 — Of[iu. =Y . bO?
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Figure 2.3: Frames and parameters of a nonholonomic mobile robot.

where );,i = [1,4] being the i*" propeller angular velocity, ¢ is the distance between
the motor and the quadrotor center, b and ¢ are the propeller aerodynamic lift and

drag coefficients respectively.

2.2.3 Dynamical Model of a Mobile robot UGV

A group of Ng homogeneous UGVs (i.e., non-holonomic two-wheeled mobile robots)

is considered, where the generalized coordinates of each mobile robot are given by,

where Xj, Yjs Oj are respectively, the x, y coordinates, and the orientation of the jth
mobile robot. In Fig. 2.3, point c is the robot center of mass. The kinematic model of

the jth nonholnomic mobile robot is written as [59, 60],

x] COS(Q]) —d]SIH(GJ)
’U.
=1y | = STQ]- = | sin(6;) djcos(6;) ! (2.11)
. w;
0 0 1 !

]
where d]- is the distance from the rear axle to the mass center of robot j, Ly is
the half distance between the left and right wheels, Ry, is the robot wheel radius,
v = | v W 1T with v; and w; are respectively the linear and the angular velocities
of the j* mobile robot.
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A Nonholonomic mobile robot characterized by n generalized coordinates (g;1, -, gjn),
having r control inputs and subject to m constraints described in detail in [60,61], and
mathematically after applying the transformation described in [60, 61] to eliminate

Lagrange multipliers yields the alternative dynamical model,

M; () 9 + Vi (q;,4) v + Fj(d)) + Taj = BjT; (2.12)

In (2.12), M € R"™" is a symmetric positive definite inertia matrix, V,,; € R™" is
the centripetal and coriolis matrix, Fj € R™! is the friction vector, Tgj € R"™1 repre-
sents unknown bounded disturbances including unstructured unmodeled dynamics,
and B; € R™" is the input matrix and v € R™1, T € R"™! are respectively the veloc-
ity and the torque vectors. For the non-holonomic mobile robot described in Fig. 2.3.

The complete dynamical model is expressed as follows [60,61],

. 7 = _ TR, +7TL,i
(m + %) 0j — medj(wj)” + Fj1 + Tajy = w (2.13)
2 . T = L L .
<I + ZRL_Zwlw> wj +medjvjw; + Fjp +Tyjp = W

where m = m. + 2my, is the total mass of the mobile robot, I = (1. + mcdjz + meL%, +
2I,) is the total equivalent inertia, m, is the robot mass without the driving wheels
and actuators (DC motors), my, is the mass of each driving wheel (with actuator), I; is
the moment of inertia of the robot about the vertical axis through the center of mass,
I, and I, are the moments of inertia of each driving wheel (with actuator) around
the wheel axis, and the moment of inertia of each driving wheel with a motor about
th