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Preface

This book focuses on the study of autonomous aerial robots interacting with the
surrounding environment, and in particular on the design of new control and motion
planning methods for such systems. Nowadays, autonomous aerial vehicles are ex-
tensively employed in many fields of application but mostly as autonomously moving
sensors used only to sense the environment. On the other hand, in the recent field of
aerial physical interaction, the goal is to go beyond sensing-only applications and
to fully exploit aerial robots capabilities in order to interact with the environment,
exchanging forces for pushing/pulling/sliding, and manipulating objects. However,
due to the different nature of the problems, new control methods are needed. These
methods have to preserve the system stability during the interaction and to be robust
against external disturbances, finally enabling the robot to perform a given task.
Moreover, researchers and engineers need to face other challenges generated by the
high complexity of aerial manipulators, e.g., a large number of degrees of freedom,
strong nonlinearities, and actuation limits. Furthermore, trajectories of the aerial
robots have to be carefully computed using motion planning techniques. To perform
the sough task in a safe way, the planned trajectory must avoid obstacles and has to
be suitable for the dynamics of the system and its actuation limits.

With the aim of achieving the previously mentioned general goals, this book
considers the analysis of a particular class of aerial robots interacting with the envi-
ronment: tethered aerial vehicles. The study of particular systems, still encapsulating
all the challenges of the general problem, helps on acquiring the knowledge and the
expertise for a subsequent development of more general methods applicable to aerial
physical interaction. This work focuses on the thorough formal analysis of tethered
aerial vehicles ranging from control and state estimation to motion planning. In
particular, the differential flatness property of the system is investigated, finding two
possible sets of flat outputs that reveal new capabilities of such a system. One contains
the position of the vehicle and the link internal force (equivalently the interaction
force with the environment), while the second contains the position and a variable
linked to the attitude of the vehicle. This shows new control and physical interaction
capabilities different from standard aerial robots in contact-free flight. In particular,



4 Preface

the first set of flat outputs allows realizing one of the first “free-floating” versions of
the classical hybrid force-motion control for standard grounded manipulators.

Based on these results we designed two types of controllers. The first is an easy-
to-implement controller based on a hierarchical approach. Although it shows good
performance in quasi-static conditions, actually the tracking error increases when
tracking a dynamic trajectory. Thus, a second controller more suited for tracking
problems has been designed based on the dynamic feedback linearization technique.
Two observers, for the 3D and 2D environments, respectively, have been designed
in order to close the control loop using a minimal sensorial setup. We showed that
the tether makes possible to retrieve an estimation of the full state from only an
IMU plus three encoders for the 3D case, while from just an IMU for the 2D case.
Parts of those results were extended to a novel and original multi-robots case as
well. We considered a multi-tethered system composed of two aerial robots linked
to the ground and to each other by two links. The theoretical results on generic
tethered aerial vehicles were finally employed to solve the practical and challenging
problem of landing and takeoff on/from a sloped surface, enhancing the robustness
and reliability of the maneuvers with respect to the contact-free flight solution.

This work has been supported by the European Union’s Horizon 2020 research
and innovation programme under grant agreement No 644271 AEROARMS.

We would like to express our deep gratitude to Dr. Anthony Mallet for the excellent
and continuous maintenance of the software and hardware framework. Without his
precious work, the several experiments conducted during this work would not have
been possible.

A sincere gratitude go to all the colleagues that contributed to this work: Sanket
Dash, Andrea Testa, and Enrica Rossi.

Toulouse, Marco Tognon
February 2020 Antonio Franchi
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Chapter 1
Introduction

Abstract This chapter provides a global overview of the topic treated in this book.
In particular, we shall firstly contextualize the work in the wide panorama of aerial
robotics, and more precisely, of aerial physical interaction. Afterword, we will focus
our attention to the topic of this work, i.e., tethered aerial vehicles. We shall cover the
scientific and practical motivations that brought us analyzing these kind of systems,
listing the several objectives and challenges at which we aim in this work. We finally
provide a reader’s guide describing in a detailed way the organization and content
of the book.

1.1 Aerial physical interaction

One of the robotic fields in constant growth in the last decade is aerial robotics.
According to [19], the definition of aerial robotics can be twofold: i) robotic flying
machines, putting the emphasis on the platform, or ii) robotics that use flying ma-
chines, putting the emphasis on the mission instead. In both cases, the main goal of
aerial robotics is to study and conceive aerial systems that can perform work fully
or partially autonomously. In the related literature, such robotic aerial platforms are
often called Unmanned Aerial Vehicles (UAVs).

Although it is only recently that UAVs gained the interest of a very big and still
increasing community, the study and design of such systems started already in the
early 1900s. These vehicles were firstly used as prototypes to test new aircraft con-
cepts before being produced and piloted by human pilots, decreasing the costs and
the risks. The design of UAVs continued during the two World Wars for military
purposes. However, the technology level was not enough to produce aerial robots
able to autonomously navigate in a reliable way. It is only relatively recently, with
the advent of lightweight and performing processors, accurate sensors and global
navigation satellite systems, that aerial robots started to progressively gain better
sensing and navigation capabilities. Although firstly employed in the military area,
UAVs got a lot of interest from the civil area as well. Given the exponential appear-

17



18 1 Introduction

ance of new aerial vehicles and new applicative fields, the Economist compared the
“drone boom” like the one happened to personal computers in the 1980s [17].

The motivation of the great popularity of UAVs mainly comes from the downscale
of the size, weight, and cost of the sensing and computing technology. The latter
made UAVs lighter, much more powerful and less expensive too. In turn, this allowed
UAVs being accessible by a very wide community, both from the research and indus-
trial areas. The low cost, the theoretically infinite workspace and the great versatility
of these platforms allow employing them for several applications. In particular, they
find their greatest use in dangerous and hazard environments, preventing humans
from getting harmed. Some examples of application where UAVs are nowadays
employed are agriculture, construction, security, rescue, response to disasters, en-
tertainment, photography and movie making, archeology and geographic mapping,
wildlife monitoring/poaching, and many others can be mentioned. Other near-future
interesting applications, currently under study, are personal and goods transportation
(e.g., Volocopter! and Amazon?, respectively).

Several types of aerial vehicles are available in the market:

1) Rotary wings UAVs, like multirotors, small-scale helicopters, and ducted fan;

2) Convertible UAVs, like tail sitter aircrafts, that combine cruising flight and

Vertical Takeoff and Landing (VTOL) capabilities [60];

3) Flapping wings UAVs, inspired by the flight of birds, bats, and insects;

4) Fixed wings UAVs, very popular for their long flight time.
According to the particular application, one could choose the vehicle that better fits
the sought task, finding the best trade-off between flight endurance and maneuver-
ability.

Particular attention is given to VTOL vehicles thanks to their high maneuverability
and the ability to hover in place and to take off and land from/on confined spaces,
without the need of a runway or other devices. These facts make VTOL vehicles
applicable also in indoor and cluttered environments such as forests, industrial plants,
and urban environments. A brief review of these type of vehicles is given in Sec. 3.2.
Beyond the mentioned nice features of VTOL UAVs, they suffer from a major
drawback. Standard VTOL vehicles, like collinear multirotors, can produce a total
thrust force only along one fixed direction with respect to the body frame (they can
also be called unidirectional-thrust aerial vehicles). This makes them underactuated.
It means that we cannot fully control the vehicle state. In particular, one cannot control
the attitude independently from the position. Starting from a hovering configuration
(horizontal attitude), in order to move toward a certain direction the vehicle has firstly
to rotate such that the thrust generates a horizontal acceleration toward the desired
direction. This underactuation introduces several challenges for the stabilization of
the system and the tracking of the desired trajectory. It also implies that an external
disturbance cannot be immediately rejected. The platform has firstly to tilt. For these
reasons, several works have been done to design controllers of increasing complexity
to improve the performance of such vehicles, e.g., in [33, 74, 18, 41]. Additionally,

! www.volocopter.com
2 www.amazon.com/Amazon-Prime-Air/b?ie=UTF8&node=8037720011
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many state observers have been conceived to close the control loop to autonomously
fly in different conditions and with different sensory setups. For more details on
control, localization and motion planning methods for the navigation of VTOL UAVs,
we refer the reader to the main surveys and books in the literature [69, 114,47, 32, 31]

One can notice that in all the application mentioned so far, the robot is used as a
simple remote sensor. The vehicle gathers data, e.g., with a camera, without inter-
acting with the environment. Although the use of UAVs for applications concerning
only the sensing of the environment is already an interesting and challenging topic,
it is actually limited with respect to the real potentiality of these aerial robots. The
paramount scope of robots is to perform physical work, namely to act and interact
with the environment exchanging forces. Aerial Physical Interaction (APhI) would
lead to new very interesting applications. Some examples are assistance robotics in
industrial or domestic environments, assembly and construction, decommissioning,
inspection and maintenance by contact, removal of debris after natural disasters,
delivery and transportation, stringing of power lines, and many others. Nowadays,
these tasks are performed by human operators in very dangerous conditions, like on
top of scaffolds or suspended by climbing ropes. The use of aerial robots would allow
reducing the risk for the human operators and, at the same time, to reduce the cost
associated with such operations. Given the relevance of the problem, many research
labs and companies have been attracted to it. As a result, we can find many European
projects with the scope of advancing in the aerial robotic field. In the following, we
list some concluded and ongoing projects with corresponding goals:

* ARCAS3: conceive aerial robots for assembly and construction of structures;

* AEROARMS*: design and build UAVs with high manipulation capabilities for
industrial inspection and maintenance;

* AEROWORKS>: provide heterogeneous and collaborative aerial robotic workers
for inspection and maintenance tasks in infrastructure environments;

* ARCOWS: design aerial co-workers helping humans in manufacturing processes;

* AEROBI": conceive aerial vehicles for in-depth structural inspection of concrete
bridges;

* AIROBOTSS: design aerial robots for remote inspection by contact;

e HYFLIERS®: conceive a robot with hybrid air and ground mobility with a long-
reach hyper-redundant manipulator.

For the aimed goals, aerial vehicles need new manipulation capabilities to safely
and reliably interact with the environment. This opens the door to new challenges
in aerial robotics. An aerial manipulator, being a floating body, has to actively
react to interaction forces with the environment, that have to be carefully taken into

3http://www.arcas-project.eu/
4https://aeroarms-project.eu/
Shttp://www.aeroworks2020.eu/

6 http://www.euroc-project.eu/index.php?id=grvc-catec
7http://www.aerobi.eu/

8 http://airobots.dei.unibo.it/

9 http://www.oulu. fi/hyfliers/
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account. Indeed they could eventually destabilize the system. This is different for
a grounded manipulator which passively reacts to interaction forces thanks to the
ground constraint. Furthermore, for grounded manipulators, we can usually directly
and accurately control the torque that each motor applies to the corresponding
joint. For an aerial vehicle, we instead control (in first approximation) the spinning
velocity of a rotating propeller that, by the aerodynamic effects, produces a force.
Due to the complexity of the aerodynamic effects and to disturbances, it is not
easy to precisely control these forces. these actuation errors drastically impact the
performance of the robot while interacting with the environment. Finally, in order to
improve the dexterity and the manipulation capability of aerial robots, the latter are
usually endowed with interactive tools such as grippers or articulated arms. The final
aerial manipulator results to be a complex system characterized by a complicated
and in general highly nonlinear dynamics. The latter has to be carefully considered
because the couplings between the aerial robot and the interacting tool, if not properly
addressed, can easily bring the system into instability. As a consequence, new control
methods have to be conceived considering the full dynamics of the system, in order
to preserve the stability during the interaction phases as well.

The most simple tool that one can use is a rigid fool rigidly attached to the
robot. This allows exchanging forces with the environment, e.g., by pushing or
sliding. Although the tool is very simple in itself, the underactuation of the vehicle
makes the physical interaction very challenging. To address the problem, the works
in [65, 5, 25] designed a hybrid force/position control. The tool can be then equipped
with a gripper in order to allow pick and place operations [55]. To further increase
the manipulation and the payload capabilities, several aerial robots endowed with a
simple rigid link or a gripper can manipulate an object in a coordinated fashion, as
a sort of “flying-hand” [57, 27, 97].

Another very used and still simple interaction tool is a cable. The use of a cable
allows partially decoupling the rotational dynamics of the vehicle with respect to
the one of the load. However, the control authority on the load positioning is re-
duced and a particular attention has to be given to undesired load oscillations that
might destabilize the system. Several works addressed the problems from the control
point of view proposing, for example, adaptive controllers [13, 71], a hierarchical
controller [6], a flatness-based geometric controller [95] and even a reinforcement
learning based approach [72]. Other works instead, addressed the problem from a
motion planning point of view proposing algorithms that generate optimal trajec-
tories that minimize the load swing [96, 22]. Also, in this case, the multi-robot
approach can be beneficial to increase the payload of the system and the control
authority on the load [94, 48, 53, 24, 110, 83]. Furthermore, cables are not only used
for the transportation of goods but also to tether aerial vehicles to fixed or moving
platforms in order to enhance the flight stability during strong wind conditions or
during dangerous maneuvers like takeoff and landing on moving vehicles [85, 44].
An introduction on the tethered aerial vehicle is provided in the following Sec. 1.2.

Finally, one can endow the aerial vehicle with one or even more articulated arms.
The employ of a so-called aerial manipulator (AM) allows reaching high levels
of dexterity. Depending on the number of degrees of freedom, an object can be
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locally manipulated independently from the motion of the platform. If the system
is over-actuated, one can exploit the robot redundancy to achieve secondary tasks
or to better compensate for external disturbances or tracking errors of the aerial
vehicle. Nevertheless, the system results to be very complex and the underactuation
of the vehicle makes its control even more complex. The easiest way to control such
AM is with a decentralized approach. It consists of assuming the aerial vehicle and
the robotic arm as two independent systems, considering the interaction forces as
disturbances that have to be rejected. Indeed, the controller used for both subsystems
is often a robust control [91, 81]. these methods can be also applied to robotic arms
with kinematically controlled motors. However, they best perform only in quasi-static
motions, i.e., when the couplings effects between the aerial vehicle and the articulated
arm are practically negligible. As soon as the motion is more demanding in terms
of accelerations, decentralized control methods fail, or in the best case show large
tracking errors. In these cases is more advisable to use a centralized control method
that considers the system as a unique entity. The centralized controllers proposed
in the state of the art are strongly model-based and consider the full dynamics of
the system [115, 116, 58]. If the kinematic and dynamic model is very well known,
then centralized controllers can lead to very good performance. However, since they
are strongly model based, as soon as there are some parameter uncertainties, the
performance degrades. Furthermore, they often require torque controlled motors
that are in general unfeasible for aerial manipulators due to the limited payload. A
complete survey on the topic has also been recently published [80].

The previously mentioned examples address the aerial physical interaction prob-
lem using underactuated unidirectional-thrust vehicles. As already said this makes
physical interaction tasks very challenging and prone to instability. However, a
very recent and promising trend is to use multidirectional-thrust aerial vehicles
instead [77]. As the name says, these vehicles can produce a thrust force in many
directions with respect to the body frame. This means that they can independently
control both position and orientation and can react to external disturbances almost
instantaneously, when far from input saturation. These two great features make
multidirectional-thrust aerial vehicles perfectly suited for physical interaction tasks
since they are more robust to interaction forces and have more dexterity as well [82].
However, such benefit comes with the cost of a higher power consumption. In order
to produce the thrust in several directions, the propellers are tilted or can be actively
turned, toward different directions producing internal forces that waste energy. On
the other hand, unidirectional-aerial vehicles are the most efficient in terms of en-
ergy. That is why it is still interesting to study aerial physical interaction by means
of unidirectional-thrust vehicles.

Another important aspect of aerial physical interaction is related to motion plan-
ning. Even if we can control very well our robot, the trajectory for the execution of
a certain task has to be carefully computed using motion planning techniques. To
perform the task in a safe way, the planned trajectory must avoid obstacles and has
to satisfy the intrinsic constraints of the considered robot. In particular, it has to be
suitable for the dynamics of the system and its actuation limits. Classical motion
planning methods rely on quasi-static assumptions and are based only on geometric
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and kinematic models of the system. Hence they are inadequate to achieve manipu-
lation tasks involving physical interaction. In fact, when the robot is in contact with
the environment and exchanges forces with it, the dynamics of the system cannot
be neglected. This requires the use of a kinodynamic motion planning approach
(e.g., [7]). However, kinodynamic planners developed so far are suitable only for
simple systems, characterized by a small number of degrees of freedom and a rel-
atively simple dynamic model, like car-like vehicles or quadrotors. Instead, in the
context of aerial physical interaction, robots have usually a large number of degrees
of freedom to increase the dexterity of the system. This, in turn, makes the motion
planning problem very challenging, requiring the design of new kinodynamic mo-
tion planning methods. these have to cope with the nonlinear dynamics of the robot,
its redundancy and the forces exchanged with the environment during manipulation
tasks. Finally, the problem has to be solved very rapidly in order to use the planner
online and to re-plan the trajectory in case of unforeseen events or moving obstacles.
Some attempts to solve the motion planning problem for some specific cases can be
found in [39, 20]

1.2 Tethered aerial vehicles

In the vast domain of UAVs, cables are not only used for single and cooperative
transportation of goods. They are also used to tether the aerial vehicle to a ground
station. Especially in the industrial sector, the link is mainly used as an umbilical
device to provide power to the robot [11], and a high bandwidth communication
channel with the base station. The possibility to power the robot directly from the
ground station makes the aerial vehicle flight time theoretically infinite, overcoming
one of the major limits of aerial robots. As a result, tethered aerial vehicles becomes
suitable for many applications that require long operation time like monitoring [64],
surveillance, aerial photography, communication reinforcement [73] and so on. The
time flight provided by a single on-board battery would not be enough to fully
accomplish the previous mentioned tasks. The great potentials of tethered aerial
systems and their obtained big interest, is proven by the increasing number of private
companies appeared in the market proposing tethered UAVs or power tether systems
for standard commercial UAVs. Figure 1.1 gathers some of the many examples that
one can find on-line.

Another interesting use of the tether is to bring to the robot some sort of fluid for
various type of applications, e.g., cleaning, painting or applying chemical products.
Indeed, often there is the need of cleaning some part of a civil or industrial structure
at high altitude, e.g. the windows of a skyscraper, the blades of a wind turbine,
or the chimney of a refinery. Normally, these operations are conducted by human
operators reaching the working spot by the use of climbing cords or by bulky and
expensive scaffolds. Firstly, the use of an aerial robot in these applications would
allow to perform the operation in an fully or semi autonomous mode reducing the
risks for the human operators. Secondly, it would decrease the time and the costs
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(a) Courtesy of: Atlanta Instru- (b) Courtesy of: Drone (c) Courtesy of: Elistair
mentation and Measurement, Aviation Corp, WWW. Www.elistair.com.
www.aimatlanta.com; and droneaviationcorp.com.

Guided Systems Technologies,

http://guidedsys.com/.

Fig. 1.1: Examples of companies proposing tethered aerial robots for long flight time
operations.

"

(a) Courtesy of: Apellix, http: (b) Courtesy of: Aerones, www .
//www.apellix.com/ aerones.com

Fig. 1.2: Examples of tethered aerial robots for cleaning applications.

related to the construction and deployment of scaffolds or climbing gears. However,
due to the limited payload of standard aerial vehicles, it is practically unfeasible to
carry on-board all the tools needed for these kind of tasks, e.g., a spying tool and
a tank of detergent liquid. On the other hand, the tether could be made such that to
provide to the robot not only the power to fly indefinitely, but the cleaning liquid as
well. Figure 1.2 shows the tethered aerial vehicles proposed by two companies for
the cleaning of a facade of an industrial structure, and the blades of a wind turbine,
respectively.

In the previous mentioned cases, the cable is slack, i.e., there is not tension along
the link. Therefore, except for its weight and inertia, the cable does not influence the
motion of the aerial vehicle. In these cases, complex control strategy are not really

Preprint version, Springer Tracts in Advanced Robotics book series (STAR, volume 140)


www.aimatlanta.com
http://guidedsys.com/
www.droneaviationcorp.com
www.droneaviationcorp.com
www.elistair.com
http://www.apellix.com/
http://www.apellix.com/
www.aerones.com
www.aerones.com

24 1 Introduction

(a) EC-SAFEMOBIL [16, 3, 87].  (b) Courtesy of FotoKite, www.
fotokite.com

Fig. 1.3: Examples of applications of tethered aerial vehicles when the cable is taut.
In particular, starting from the top-left image, landing/takeoff on/from a moving
platform, inspection in indoor environments and stringing of a power transmission
line on the right.

needed and a standard position controller (or a tele-operation framework) can be
used to perform the sought task.

The case in which the cable is taut is definitely more interesting from a scientific
point of view. In this case there is a clear physical interaction between the aerial
vehicle, the link itself, and the other end of the link. A taut cable can provide
advantages that go beyond the ones already mentioned, such as: i) improved flight
stability and reliability, especially during dangerous maneuver or in the presence of
strong wind [85], ii) physical interaction with a ground object and iii) stabilization
with a minimal set of sensors, even in a GPS-denied environment [84, 44]. Examples
of application fields related to this kind of robotic systems exploiting the tautness
of the cable are landing/taking-off from/on moving or sloped platforms [103, 111,
68, 85], inspection in GPS-denied environments, human-robot interaction [44] and
stringing of power transmission lines (see Fig. 1.3 for some examples).

Notice that, since the link is taut, the dynamics of the aerial vehicles changes.
Indeed the interaction force consisting in the internal force along the link has to
be considered. Control and estimation for an aerial system that is connected by a
taut cable to the ground is not an easy task. In fact, standard flight-control and
estimation methods either cannot be applied straightforwardly to this case or, if
applicable, provide only sub-optimal performance, because they do not exploit the
full dynamics and capabilities available to the new interconnected system. Therefore,
the only way to cope with the difficulties of the new robotic system and to exploit
at best its capabilities is to design new control and estimation methods that consider
the new system as whole. However this is hard to accomplish, due to the nonlinear
dynamics and the dynamic coupling between the aerial vehicle and the link.

Preprint version, Springer Tracts in Advanced Robotics book series (STAR, volume 140)


www.fotokite.com
www.fotokite.com

1.3 Organization of the book 25

For a complete understanding of these type of robotic systems, this book aims
at providing a deep and thorough theoretical analysis which is the basis for solving
practical problems related to real applications. In particular, we shall consider the
most generic tethered aerial system, i.e., a generic unidirectional-thrust aerial vehicle
flying in the 3D space and tethered to a freely moving platform by a generic link (not
only by a cable), together with a link actuator able to change its length. For this system,
we shall investigate its dynamics and its intrinsic properties, such as the differential
flatness. This property is very useful both for control and motion planning. Indeed
the analysis of such property allows understanding which are the outputs, called flar
outputs, that can be independently controlled and which is their required degree of
smoothness. Furthermore, it provides the tools to analytically compute the nominal
state and input required to track a desired trajectory of the flat output. This turns out
to be very helpful in the motion planning phase to simplify the planning method and
to check for the feasibility of the desired trajectory. These results will be the base
to design different types of controllers for tracking the outputs of interest. To close
the control loop, the full state of the system is required. Practically, having a direct
measurement of the state is often unfeasible. In this work we shall then considered
the problem of closing the control loop with a minimal set of sensors, investigating
the observability, and designing a global nonlinear observer.

Finally, we will try to apply the presented theoretical results to a real application
problem. In particular we shall consider the practical problem of rakeoff and landing
from/on a sloped surface. For a standard unidirectional-thrust vehicle in a free-
flight configuration, this is a very challenging problem. On the other hand, we will
theoretically and experimentally show that the use of the tether makes the execution
of these maneuvers much safer, reliable and robust to tracking errors and parameters
uncertainties.

1.3 Organization of the book

In this section, we provide a reader’s guide describing the organization of the book
and summarizing the content of each chapter.

The first three chapters provide the preliminaries to better contextualize this work
in the field of aerial physical interaction, and the mathematical methodologies to
better understand the core part. In particular,

Chap. 2 recalls in a synthetic way the mathematical methodologies used as back-
ground for the theoretical analysis of tethered aerial vehicles. In particular, we
revise the two most used modeling methods, i.e., Lagrangian and Newton-Euler
formalisms, the differential flatness property, the dynamic feedback linearization
control, and the nonlinear high gain observer.

Chap. 3 provides the models of the subsystems, actuators, and sensors composing
the studied generic tethered aerial vehicle. We provide the generic model of an
unidirectional-thrust aerial vehicle in free-flight, the model for its propellers and
onboard sensors. A model of a generic link and of an encoder are also provided.
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Chapters from 4 to 6 represent the main body of the book, namely the complete and
exhaustive study of aerial tethered vehicles. This analysis starts with the modeling
of the system and passes through the characterization of its dynamic properties such
as the differential flatness, controllability, and observability using a minimal sensory
setup. The results of an experimental and simulation campaign are presented to
validate the proposed methods. These are also used as a base for solving the more
applicative problem of landing and takeoff on/from a sloped surface. In particular,
we shall show that the use of a tether makes the execution of such dangerous
maneuvers much more safe, reliable and robust to model uncertainties and tracking
errors. Finally, a multi-robot extension is considered for which we performed a
thorough theoretical analysis similar to the one for the single-tethered case. This part
gathers the work of several articles and some unpublished results as well. For the
sake of homogeneity, completeness, and clarity, in this book we present a complete
dissertation of the topic based on a very detailed reworking of the content of the
several publications.

Chap. 4 contains the complete and thorough theoretical study of a single tethered
aerial vehicle. We provide the model of a generic system. For such a system we
investigate the differential flatness and which are the flat outputs. For the latter,
we design a hierarchical controller and another controller based on dynamic
feedback linearization for the tracking of any desired trajectory. Finally, we
investigate the problem of closing the control loop with a minimal sensory
setup.

Chap. 5 presents all the results obtained from an extensive experimental and nu-
merical campaign apt to validate the proposed methods.

Chap. 6 shows the study of the challenging and application-oriented problem of
landing and takeoff on/from a sloped surface. For this problem, we theoretically
and experimentally show that the use of the tether is advisable, when possible.
Indeed, it allows executing these maneuvers in a much more robust and reliable
way.

Chap. 7 analyzes an interesting multi-robot extension of the single tethered system.
This system is similar to a 2-links planar manipulator where the actuators are
aerial vehicles connected in a chain-like configuration. For this system, similarly
to the single-robot system, we analyze the differential flatness, the controllability
by dynamic feedback linearization and the observability using a minimal set of
Sensors.

The book concludes with chapter 8:

Chap. 8 provides a global overview of the book, together with some discussions
about the obtained results. Potential future applications and extensions of this
work are considered as well.
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Chapter 2
Theoretical background

Abstract In this chapter we provide a brief review of the theoretical methodolo-
gies employed in this book for the analytical study of tethered aerial vehicles. In
particular, this review covers fundamental methods to i) model the system; ii) an-
alyze its dynamic properties; iii) design nonlinear control methods to accomplish
the sought autonomous behavior; and finally iv) design state estimation methods
to retrieve the state from the available sensors to close the control loop. For the
modeling of the analyzed tethered aerial systems we used mainly two equivalent
yet different approaches, namely the Lagrangian and the Newton-Euler formalisms
(see Sec. 2.1). The combination of the two allowed us to obtain the best represen-
tation of the dynamics for our control objectives. A particular attention is given to
the modeling of a rigid body. Indeed, most of the aerial vehicles are modeled as
floating rigid bodies. The obtained formal description of the dynamics was firstly
used to determine whether the system is differentially flat or not, and if yes, with
respect to which flat outputs. The analysis of this property results very useful for
both control and motion planning (see Sec. 2.2). Since there exists a strong relation
between differential flatness and feedback linearization [35], we then applied the
latter method, described in Sec. 2.3, to solve the tracking problem of the flat outputs
previously discovered. Finally, in order to practically implement the control action
based on feasible measurements, we investigated the minimal sensory configuration
that makes the state observable. The applicability of a globally exponentially stable
nonlinear High Gain Observer (described in Sec. 2.4) has been studied. In order to
facilitate the reader understating of the theoretical results proposed in this book, in
the following, we shall describe the previously mentioned methodologies.

2.1 Modeling

The major two methodologies normally employed to compute the dynamic model of
a mechanical system are the Lagrangian and the Newton-Euler formalisms. The two
methods are equivalent and obviously lead to the same outcome, but the practical
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procedure is quite different. Furthermore, they could give different insights about
the system and its properties.

The first, the Lagrangian formalism, is a systematic and elegant approach to derive
the analytical dynamic equations describing the model of the system, independently
from the reference frame. In particular, choosing a proper set of generalized coordi-
nates and simply computing the kinematics and potential energies, the Lagrangian
formalism allows to compute the dynamic equations, naturally including system
constraints and reaction forces. Nevertheless, notice that it becomes unpractical for
complex system with many degrees of freedom.

On the other hand, the Newton-Euler method is an efficient and recursive method,
especially suited for manipulators with an open kinematic chain and complex sys-
tems. It treats each joint of a robot as an independent part, and then computes the
coupling between them using the so called forward-backward recursive algorithm.
However, a particular attention has to be taken for constrained systems. Indeed one
has to explicitly consider reaction forces related to system constraints.

In the following we recall the basis of the two methods, mostly from a practical
point of view, and the particular remarks and considerations made during this thesis.
Fore more details we refer the interested reader to [91, 90, 93, 45].

2.1.1 Lagrange formalism

The fist step consists on choosing a set of independent coordinatesq = [q1 ... gn]"

R", called generalized coordinates. Those fully describe the configuration of the
system and its n € N_, degrees of freedom. Accordingly to the chosen generalized
coordinates, we can then compute the generalized forces acting on the system. Con-
sider a set of forces f = [f] ... f]]T € R3™, where the generic force f; € R3 is
applied on the system at pointr; € R?, withi = 1,...,mand m € N, ,. We can then
compute the generalized force &;(f, q) € R w.r.t. the J-th generalized coordinate g;

as:

T+ Or; i
&, q) = Z l a; —1...n @.1)

We can now define the Lagrangian function, £(q, q), equal to the difference of
total kinetic energy, K(q, q), and potential energy, U(q, q), i.e., L(q, q) = K(q, q) —
U(q, q). Finally, the equation of motions of the system are given by the following
Lagrange equations:

doL(gq) 9L Q)
dt dq; dq;

=¢(fq), j=1,....n (2.2)

For the type of mechanical systems under exam, the potential energy usually
corresponds to the sole gravitational potential energy, and the kinematic energy can
be computed as a quadratic form, K(q,q) = 5 Lq™M(q)q, where M(q) € R™" is the
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inertia matrix of the system. The equations of motion in (2.2) can be then rewritten
in the more usual form:

M(q)4 + C(q. 4)q + g(q) = £(f, q), (2.3)

where C(q, q)q contains the centrifugal and Coriolis terms, while g(q) contains the
gravitational terms, and £(f, q) = [&1(f,q) ... &(f,q)]T € R™.

Remark: The inverse dynamics problem consists into computing the generalized
forces &(f, q) given a certain motion expressed in terms of ¢, q and q. Considering
the generalized forces as inputs and the motion as output, this problem is equivalent
to the control problem, i.e., compute certain inputs to obtain certain desired outputs.
Given the analytic expression of the dynamic model (2.3), the Lagrangian formalism
is often used to solve the inverse dynamics problem, and thus the control problem.[]

2.1.2 Newton-Euler formalism

The Newton-Euler formalism is based on two recursive steps: i) forward recursion,
and ii) backward recursion.

The first forward recursion is done to propagate the links velocities and accelera-
tions from the first link to the final one. The translational and rotational velocities and
acceleration of the i-th link are computed based on the one of the previous (i — 1)-th
link and on the i-th joint, according to its type (either prismatic or revolute). The
method is repeated for all the links starting from the base link, of which we know
velocities and accelerations, up to the last one.

The second backward recursion propagates forces and moments from the last
link to the first one. Knowing the force and moment applied to the (i + 1)-th link,
we compute the one applied to the i-th link resolving the Newton-Euler equations.
Defining f; € R? and 7; € R3 the force and moment acting on the i-th link at position
r; € R3 (analogously for the (i + 1)-th link), we have to solve the balance equations
of forces and moments at the i-link w.r.t. the i-th link frame:

f; =t +mia; +m;g; (2.4a)
T =7 — b X+ X + Jiop + 0 X Jiw;, (2.4b)

where m; € R_j and J; € RY are the mass and inertia' of the i-th link, a; € R is its
linear acceleration, w; € R3 and @; € R? are its angular velocity and acceleration,
respectively, and g; € R3 is the gravity vector. Notice that all the previous quantities
are defined w.r.t. the i-th link frame. The method is repeated for all the links starting
from the final one, whose external forces and moments are known, back to the first
one.

I The notation R’;é" denotes the set of positive-definite real matrices, i.e., R%" = {A €

R | xTAx >0V x e R"}
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Finally one could retrieve a closed form dynamic model, like the one in (2.3),
resolving all together the forward and backward equations. However, doing it an-
alytically might not be an easy task. We skip the detailed equations because of
their complexity. Nevertheless, we refer the interested reader to the well known
books [91, 90, 93, 45].

2.1.3 Rigid body dynamics

In view of the fact that an aerial vehicle is often modeled as a rigid body, it is
convenient here to review the dynamic model of such a basic element. A free rigid
body, i.e., not subjected to constraints, has six degrees of freedom: three translational
and three rotational. Let us assign an inertial word frame, Fw with arbitrary center
Ow and axes {Xw, Yw,Zw }, and a body frame, Fp, rigidly attached to the object,
with center Op centered on the body center of mass (CoM), and axes {Xg, Y5, Zp}.
It is useful to notice here that x% =e =[10 0], yw =e = [0 1 0]T and?
z% =e3 = [0 0 1]7. The three translational degrees of freedom are described by
the position of Op with respect to Fyw, in turn described by the vector3 pg’ € R3.
The description of the remaining three orientation degrees of freedom is a bit more
delicate because there are several possible representations [12, 90, 93]. The most
popular and used are:

e The exponential coordinates are a minimal three-parameter representation of
rotations which define an axis of rotation and the corresponding angle of rotation.
However, combinations of rotations is not straightforward and the axis of rotation
is undetermined when the angle of rotation goes to zero.

* The Euler-angles is another minimal three-parameter representation of rotations.
It is also very intuitive, since it is based on three successive rotations about
the main axes of the body frame. One of the most popular convention in the
aeronautic field consists in successive rotations along the moving axes zg, y g and
xp (in this order) about the angles i, 6 and ¢ (Yaw-Pitch-Roll) respectively+.
However, this representation has a singularity. To avoid singularities at the
control level, we will use this convention only to represent rotations in plots.

¢ The rotation matrix>, RYBV € SO(3), unequivocally describes the rotation of Fp
w.r.t. Fw . Although this representation has no singularities, it is actually redun-
dant since nine elements describe only three degrees of freedom. Nevertheless,
it eases the operations to rotate vectors and to combine rotations. These facts

2 More in general, e; € R? is the canonical vector with 1 in position i-th and zero otherwise.

3 In this thesis, the superscript is used to indicate the frame of references. When not present, Fw
has to be intended as the reference frame, if not otherwise specified.

4 Notice that this representation is equivalent to the classical Roll-Pitch-Yaw representation. The
latter consists in successive rotations along the fixed axes Xp, yp and zp (in this order) about the
angles ¢, 0 and i respectively

580(3) = {R € R¥3 | RTR = I3} where I, is the identity matrix of dimension n. SO(3) is also
called special orthogonal group.
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together with the absence of singularities make this representation the preferable
for the design of controllers for aerial vehicles. This is why, in this thesis, we
will always describes rotations by rotation matrices.

* The quaternions represent rotations by a normalized four-dimensional vector,
i.e., , four variables subjected to one constraint. In this way, the quaternion
parametrization does not have singularities. This parametrization is also very
popular for it efficiency in terms of computational cost. However, in this thesis
we still prefer rotation matrices for their simplicity. This will clearly appear in
Chap. 4.

Choosing pg and Rg’ to describe the rigid body configuration, we can write the
dynamics as in (2.4), using the Newton-Euler approach:

mpy = -mges + f (2.52)

Job = —wh xJo§ + 1, (2.5b)

where m € R_, and J € R¥$’ are the mass 