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Abstract

This doctoral thesis addresses the study of omnidirectional tilt-rotor aerial robots, and their application
to aerial physical interaction tasks. Through modelling, control, prototype design, and experimental
evaluation, this work carves a new direction in aerial robotics research, and seeks to inspire a future of
versatile and autonomous aerial manipulators.

Recent developments in the field of fully actuated aerial robots have demonstrated the exceptional
advantages of these systems for physical interaction. Characterised by their decoupled translational and
rotational system dynamics, these systems not only outperform their underactuated counterparts, but
extend their capabilities. Through the dynamic re-orientation of actuated thrust vectors, we now have
access to a great expanse of possible morphologies, dynamic system capabilities, and new applications.
Extending these novel tilt-rotor systems with an active manipulator further demonstrates enhanced end
effector performance for manipulation tasks. The concept of macro-micro manipulation — using a highly
dynamic end effector mounted to a powerful base — overcomes dynamic limitations that currently re-
strict the efficacy of aerial manipulators. In pursuit of versatile and high performance systems for aerial
physical interaction, the present work combines these concepts to advance the state-of-the-art in aerial
manipulation.

The design space of a tilt-rotor aerial robot is selected by optimizing a general model around desired
performance metrics and system parameters. The resulting system, chosen for a balance of omnidirec-
tional and efficient flight capabilities, is compared against other state-of-the-art fully actuated systems.
Aerial interaction models are developed for fixed and active manipulators, and a geometric optimization
is performed to determine the design of a parallel manipulator in the context of an omnidirectional flying
base. The control problem divides the system conceptually into tracking control of a pure wrench gener-
ating base, and a subsequent actuator allocation problem to achieve a six degrees of freedom wrench with
18 individual actuator commands. The nonlinear and highly dimensional actuator space is addressed
with instantaneous and differential allocation methods, the latter of which incorporates secondary tasks,
such as the unwinding of tilt-arm cables, in the actuation null space. Inverse-dynamics based controllers
are introduced for control of the flying base, treating the whole tilt-rotor system as a single rigid body.
Interaction controllers including axis-selective impedance and direct force control are developed for the
system equipped with a fixed manipulator arm. A redundant control strategy is developed for the om-
nidirectional system with an attached translational parallel manipulator, where predicted reaction forces
are fed to an independent base controller to compensate the manipulator dynamics. Several iterations
of omnidirectional tilt-rotor aerial robots are designed and constructed, considering the requirements of
aerial interaction tasks. Actuator selection, tilt-rotor mechanisms, and complete system assembly are
presented, as well as design details for a parallel manipulator. Experimental trials evaluate the capabil-
ities of the physical system and its control implementation to track omnidirectional trajectories. Aerial
physical interaction tasks are demonstrated, involving point force application with the environment,
push-and-slide tasks, and applications to non-destructive contact inspection of concrete. Fast end effec-
tor tracking and disturbance rejection experiments are performed to validate the macro-micro concept of
an omnidirectional tilt-rotor parallel manipulator.

Ranging from general modelling to control, design choices and complete system prototypes, the con-
tent of this work acts as a guide for envisioning and building innovative systems that will push the frontier
of aerial manipulation.






Zusammenfassung

Diese Dissertation handelt von omnidirektionalen Kipprotor-Luftrobotern und ihrer Anwendung fiir ph-
ysische Interaktionsaufgaben in der Luft. Durch Modellierung, Steuerung, Entwurf von Prototypen und
experimentellen Tests und deren Auswertung erweitert diese Arbeit die Grenzen dieses neuen Forschungs-
gebiets und soll eine Zukunft mit vielseitigen und autonomen Flugmanipulatoren anregen.

Jiingste Entwicklungen auf dem Gebiet der vollaktuierten Flugroboter, welche die Translations- und
Rotationsdynamik entkoppeln konnen, haben die Vorteile dieser Systeme bei physischen Interaktionen
gegeniiber ihren unteraktuierten Gegenstiicken gezeigt. Mit der zusitzlichen Fahigkeit, die betdtigten
Schubvektoren dynamisch neu auszurichten, ergibt sich eine grosse Bandbreite an moglichen Morpholo-
gien, dynamischen Systemfahigkeiten und Anwendungen. Durch die Erweiterung solcher Systeme mit
einem aktiven Manipulator kann eine verbesserte Leistung am Endeffektorpunkt gezeigt und die dy-
namischen Beschrinkungen des Trigersystems tiberwunden werden. Auf der Suche nach vielseitigen
und leistungsstarken Systemen fiir die physische Interaktion in der Luft kombiniert die vorliegende Ar-
beit diese Konzepte zu einem neuen Ansatz fiir die Manipulation in der Luft.

Ein verallgemeinertes Modell fiir Kipprotorsysteme wird entwickelt und anhand ausgewéhlter Leis-
tungsmetriken und Systemparameter optimiert. Das daraus resultierende System, das fiir ein Gleichge-
wicht zwischen omnidirektionalen- und effizienten Flugfidhigkeiten ausgewihlt wurde, wird mit anderen
modernen, vollbeweglichen Systemen verglichen. Es werden Interaktionsmodelle fiir starre und ak-
tive Manipulatoren entwickelt, und es wird eine Geometrieoptimierung durchgefiihrt, um das Design
eines Parallelmanipulators zu bestimmen. Das Regelungsproblem unterteilt das System in die Nach-
fiihrregelung eines reinen kraft- und drehmomenterzeugenden Tréigersystem und ein anschliessendes
Aktuatorzuordnungsproblem, um sechs Freiheitsgrade durch 18 einzelne Aktuatorbefehle zu erreichen.
Der nichtlineare und hochdimensionale Aktuatorraum wird mit Zuweisungsmethoden behandelt, wobei
sekundire Aufgaben im Aktuator-Nullraum einbezogen werden. Die Steuerung des fliegenden Sys-
tems fiihrt Regler auf der Grundlage der inversen Dynamik ein, die das gesamte Kipprotorsystem als
einen einzigen starren Korper behandeln. Fiir das mit einem festen Manipulatorarm ausgeriistete System
werden Interaktionsregler mit achsenselektiver Impedanz- und direkter Kraftregelung entwickelt. Es
wird eine redundante Steuerungsstrategie fiir die Manipulation in der Luft mit einem angeschlossenen
translatorischen Parallelmanipulator entwickelt, bei der die vorhergesagten Reaktionskrifte einem un-
abhéngigen Basisregler zur Kompensation der Manipulatordynamik zugefiihrt werden. Ein omnidirek-
tionaler Kipprotor-Prototyp wird unter Beriicksichtigung der Anforderungen von Interaktionsaufgaben
in der Luft entworfen und gebaut. Die Auswahl der Aktuatoren, die Kipprotormechanismen und die
komplette Systemmontage werden vorgestellt, ebenso wie die Konstruktionsdetails des Parallelmanipu-
lators. In experimentellen Versuchen werden die Féhigkeiten des Prototypsystems und der Steuerungen
zur Verfolgung omnidirektionaler Trajektorien ausgewertet. Es werden Aufgaben der physikalischen
Interaktion in der Luft demonstriert, die eine punktuelle Krafteinwirkung auf die Umgebung, Schub-
und Schiebeaufgaben und Anwendungen zur zerstorungsfreien Priifung von Beton umfassen. Zur Va-
lidierung des Makro-Mikro-Konzepts eines omnidirektionalen Kipprotor-Parallelmanipulators werden
Experimente zur schnellen Verfolgung des Endeffektors und zur Storungsunterdriickung durchgefiihrt.

Der Inhalt dieser Arbeit reicht von der allgemeinen Modellierung tiber die Steuerung und Desig-
nauswahl bis hin zu kompletten Systemprototypen und dient als Leitfaden fiir die Entwicklung und den
Bau innovativer Systeme, die die Grenzen der Manipulation aus der Luft erweitern werden.
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Introduction

No flying machine will ever fly from New York
to Paris.

Orville Wright

This introductory chapter sets the context of the thesis, beginning with motivation and state of the
art, and outlining current research gaps in the field of aerial manipulation. The contributions of this
thesis are then presented in the context of these research gaps which we aim to close, with an acknowl-
edgement of the collaborative nature of robotics research and where it has been a key factor in the
resulting contributions. The final chapter of this section guides the reader through an outline of the
thesis content.

1.1 Motivation and State-of-the-Art

The presence of robotics and artificial intelligence in our daily lives has been increasing steadily and
relentlessly since the rise of digital technology. Robotic systems now function as extensions of human
beings, enhancing and parallelizing our ability to perform complex, difficult and mundane tasks. We
design mobile robots, whether on the ground, underwater or in the air, to act as our sensors and tools,
multiplying our effectiveness and extending our reach to remote locations on earth and beyond. As we
attempt to further explore, observe, build and maintain the world around us, we embed autonomy in these
systems, giving them the ability to interpret sensory information and follow through with their assigned
tasks without explicit human intervention.

Aerial robots have dominated the stage for robotic development in the public eye over the past decade.
Inspired by the helicopter that was the subject of fervent development in the first half of the twentieth
century [130], the robotics community embraced rotary-wing mechanical systems in the early 2000s,
nearly a century after their first proof of concept by the French bicycle maker Paul Cornu [29]. Intensive
commercial efforts have since pushed rotary-wing aerial robots in a rapid transition from basic research
to widespread use. A major part of this success story is due to the new opportunities that accompany
a sensor-equipped robot with an unbounded three dimensional (3D) workspace in combination with
agile flight capabilities. Rotary-wing micro aerial vehicles (MAVs) are engaged for commercial endeav-
ours such as security monitoring and visual inspection, equipped with cameras or specialized sensors
to monitor areas or detect damage in structures. Aerial transport and delivery is another active area of
development, taking to the skies to avoid the chaos of ground-level traffic. These systems have also
been embraced by the general public for photography and personal entertainment, as amateur pilots with
first person view (FPV) goggles fly ‘drones’ along the high mountain ridges of the Alps, extending their
vision to engage in a thrilling experience without the risk of physical injury. Figure 1.1 illustrates the
contrast of a century’s technological development.



1 Introduction

Figure 1.1: Technological development from (a) the first helicopter flight by Paul Cornu in 1907 and (b) a modern FPV
commercial drone by Parrot Drone SAS.

As the development of commercial rotary-wing MAV's matures, the research community around aerial
robotics has moved its focus to address new challenges and opportunities that stem from the competences
of these systems. A major branch of aerial robotics research has shifted from aerial observation and
navigation to aerial interaction and manipulation, with the ultimate goal of extending autonomous mobile
manipulation to an unbounded workspace. To achieve this ambitious goal, we require a new breed of
aerial robots which we refer to as fully actuated, and we need new methods to control them. We must
further develop strategies for aerial interaction, and new methods for precise and dynamic end effector
tracking from a flying base.

In the following sections we explore the motivation, state-of-the-art and research gaps of aerial ma-
nipulation divided into the following three categories, which are graphically shown in Fig. 1.2. Fully
actuated and omnidirectional MAVs are developed to extend the capabilities of common underactu-
ated flying systems, achieving important criteria for aerial manipulation. Aerial Interaction with fully
actuated MAVs is a recent research topic which offers many new opportunities in control of aerial robots.
Finally, macro-micro aerial manipulation strategies develop new capabilities for improved speed and
precision of the end effector point for aerial interaction from a flying base.

1.1.1 Fully Actuated and Omnidirectional MAVs

Most commercial rotary-wing MAVs are underactuated uni-directional thrust (UDT) systems, providing
only four controllable degrees of freedom (DoF) by nature of their aligned propeller axes, regardless of
the number of rotors. Underactuated systems such as these which emerged at the dawn of the twenty-first
century [19] are highly dynamic in free flight with a simple system architecture where the only moving
parts are the rotors themselves. This simplicity allows for highly representative dynamic modelling of the
system, and aligned propeller axes further reduce unmodeled aerodynamic effects of airflow interaction
between propellers. For aerial tasks that require exertion of arbitrary interaction forces and torques on
the environment, or require the system to hold an arbitrary orientation outside of position and yaw, the
limited controllable DoF of an underactuated system are no longer sufficient. Certain interaction tasks
with underactuated systems can be performed [4, 133], but unexpected forces and torques applied to
such a system during an interaction task can compromise tracking performance and lead to unstable
behaviour.

A new class of fully actuated MAVs are now entering the aerial robotics curriculum [37], introducing
systems with six independently controllable DoF. The resulting decoupled translational and rotational
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Figure 1.2: Visual depictions of (a) an omnidirectional tilt-rotor platform and its applications for (b) aerial physical
interaction and (c) macro-micro manipulation.

dynamics are critical to ensure stable interaction with the environment [92]. With the added criterion
that the system’s aerodynamic forces must be able to statically compensate the effects of gravity in any
direction (i.e. maintain static hover in any base orientation), the result is an omnidirectional aerial robot,
where a system can achieve uninhibited aerial movement and robust tracking of six DoF trajectories.
This extension offers a unique advantage e.g. for aerial filming and 3D mapping in terms of uninhibited
orientation of a sensor mounted on the body. Omnidirectional aerial platforms can further be used
for configuration-based navigation in constrained environments, where rotating the vehicle body could
allow for passage through a narrow gap [136]. Over the course of this thesis and in the few years
before, substantial growth has occurred in the field of fully actuated and omnidirectional MAVs, from
the proliferation of these systems in research labs to their application in realistic inspection scenarios.
Fully actuated aerial systems present a compelling solution for future robotic applications, particularly
in the emergent field of robotic inspection where physical interaction is required for tasks in remote or
dangerous environments.

In the transition from simple underactuated MAV:s to fully actuated and omnidirectional flying robots,
the research community has been presented with a new set of challenges. With new capabilities come
increased system complexity, demanding a more detailed system model, and control strategies that
can tolerate new sources of model error. In addition to complexity, these systems suffer from reduced
efficiency as new components add to the system mass, and variable thrust vectors create competing
air flows that draw more power than UDT systems for an equivalent free-flight trajectory. A careful
evaluation of the costs and benefits of these new systems is required to choose an appropriate platform
design, and to justify its use for a given task. Drawing on prototypes of fully actuated flying robots from
recently published research articles, we consider two dominant categories of platform actuation: fixed
rotor and tilt-rotor systems. Images of some prominent state-of-the-art fully actuated systems are shown
in Fig. 1.3 (fixed rotor) and Fig. 1.4 (tilt-rotor). Some additional systems step outside of these groups,
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exploring more unconventional morphologies, with examples depicted in Fig. 1.5.

()
Figure 1.3: State-of-the-art in fully actuated fixed rotor aerial robots. (a) An omnidirectional system form ETH
Zurich [21], (b) ODAR, an omnidirectional system from SNU, Seoul [78], and (c) Tilt-Hex, a fully actuated system
from LAAS-CNRS, Toulouse [38].

The first category of fixed rotor systems is similar to the underactuated MAV in that the rotors are
the only moving parts in the system. The difference from underactuated MAVs is that the propeller
axes are no longer aligned, and their direction is chosen to optimize thrust vectoring capabilities for
tasks requiring full six DoF force and torque generation. These systems have the advantage that they
change the direction and magnitude of thrust vector at a very high bandwidth, controlled by quickly
adjusting propeller velocities, and are often designed such that the rotor forces can be inverted to increase
omnidirectional force capabilities. By its design, however, a platform with fixedly tilted rotors that
is able to generate a significant wrench on the environment has the disadvantage that it generates a
proportionately significant amount of internal forces. These internal forces do not contribute to gravity
compensation, and therefore directly detract from flight efficiency. Conversely, orienting the propellers
to prefer efficient hover flight and a higher payload directly reduces the capability to generate lateral
forces for interaction and disturbance. Some general theoretical requirements for these systems are
presented in [118]. An early example of a multi-rotor aerial system that stepped away from aligned
propellers was a common UDT quad-rotor morphology with additional propellers on each arm [94,
104]. In this morphology, the secondary rotor axes were directed outwards from the center of the body
to generate lateral forces in order to decouple attitude and translation dynamics of the system. The
research community continued this pursuit in the development of several hexacopter systems with non-
collinear fixedly tilted rotors several years later, maintaining the traditional hexacopter structure and level
flight [30, 53, 128]. This concept was later improved upon by Rajappa et al [88], who optimized the
rotor axes to minimize control effort and parasitic forces while ensuring the system’s ability to perform
a specified task. Based on this design optimization principle and preferring level flight, improved fixed
rotor fully actuated platforms have been designed and realized, tolerating small amounts of roll and pitch
while achieving omnidirectional wrench generation [74, 101, 114]. A new branch of fully actuated fixed
rotor-systems took off in 2016, with the presentation of two different experimental platforms that achieve
full pose omnidirectionality [21, 79]. Propeller axes are optimized such that the system’s flight properties
remain similar in any hover orientation. This results in systems that generate high internal forces and
therefore significantly reduced efficiency, but are agnostic to commanded orientations in space. In the
work of Brescianini ef al [21], an eight-propeller configuration places each rotor group at the vertex of a
cube within a protective cage structure, as a demonstration platform for omnidirectional trajectories [22].
This was the first experimental demonstration of unconstrained six DoF trajectory tracking for rotary-
wing aerial robots, and was quickly followed in the same year by a similar system from Park et al
in Seoul [78]. In the work of Park et al , both six [78] and eight-rotor [79] configurations have been
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experimentally demonstrated, with two arrays of rotors mounted to each end of a lightweight bar which
supports the main electronics. Several key practical aspects of the physical system are developed, from
smooth inversion of propeller spin direction to the first exploratory applications in physical interaction
with an omnidirectional MAV.

Figure 1.4: State-of-the-art in fully actuated tilt-rotor aerial robots. (a) The ‘holocopter’, with four tilt-able rotor
groups [99], (b) “Voliro’, an omnidirectional system with six tilt-able rotor groups from ETH Zurich [55], and (c)
‘Fast-Hex’, a system with tilt-able rotors coordinated by a single motor from the University of Twente [103].

The second category of tilt-rotor systems includes additional mechanisms to actively re-orient some
or all of the propeller axes. Rotor groups can be tilted individually or collectively to re-orient the system’s
collective thrust vector. Thanks to this reconfigurability, tilt-rotor systems can achieve higher hover
efficiency when lateral force exertion is not required, at the cost of additional inertia and mechanical
complexity. An early example of a tilt-rotor system was an attempted to combine the attractive soaring
properties of fixed-wing vehicles with the agility and hovering capabilities of a quad-rotor [48], a familiar
concept that had been mechanically explored in the context of vertical take-off and landing (VTOL)
military aircraft. Conceptual development of the tilt-rotor quadcopter was introduced by Falconi et
al in 2012 [35], with the purpose of full actuation. The system’s realization came soon after in the
work of Ryll et al [98, 99], with real flight experiments to validate the theory. The prototype system
demonstrated full six DoF tracking capabilities, with limited roll and pitch due to actuation constraints.
The design of a thrust-vectoring holonomic tilt-rotor tricopter was further explored in the work of Ramp
et al [89], realized physically in a number of other works [34, 62]. Adding a second degree of rotation
at the main rotor groups in a compromise between omnidirectionality and force efficiency, Voliro AG
has commercially pursued the concept of a thrust-vectoring tricopter [2]. The design relinquishes static
rolling for highly efficient and unlimited pitching, maintaining a fully actuated platform with five Dol
omnidirectionality. The first tilt-rotor system design capable of uninhibited omnidirectional flight was
presented in the form of a tilt-rotor hexacopter by Kamel et al [55]. With twelve actuators to control six
degrees of freedom, this initial work validated the capabilities of the system in experimental flights, and
presented a baseline proportional-integral-derivative (PID) controller and actuator allocation strategy for
omnidirectional flight. Limitations of the system in terms of limited actuation capability in inefficient
configurations, and open control challenges were presented as topics of future work. Another concept
presented by Ryll et al reduces the weight of six tilt motors, instead integrating a transmission system
that couples all tilting rotor groups to a single motor [100, 103]. An extension to this work by Morbidi
et al includes a secondary tilt-axis which is orthogonal to the first [69]. Both of these coordinated-tilt
solutions achieve versatility in force generation and efficiency in level flight, but the coupling of tilting
rotor groups precludes omnidirectional flight and increases parasitic internal forces whenever lateral
forces are required.

Morphology choice is practically unbounded in the context of aerial systems, and not all systems fall
into the two general categories of fixed and tilt-rotor platforms. We can consider the previously men-
tioned tilt-rotor systems as a geometrically simple subset of reconfigurable aerial robots. More abstract
concepts have been explored e.g. at the University of Tokyo, with the DRAGON [135, 136]: a fully
actuated robot consisting of chained dual rotor links, where each connection point is articulated by two
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(b)

Figure 1.5: Reconfigurable and flexible state-of-the-art aerial robots. (a) Chained modular dual-rotor links of the
DRAGON aerial robot from University of Tokyo [135] and (b) an insect-inspired quad-rotor with integrated compliance
from EPFL, Lausanne [68].

servomotors. The system offers some interesting advantages in its ability to pass through narrow gaps,
and perform physical interaction tasks with each end of the chained system acting as a contact point.
While most designs aim to reduce the effects of vibration and model error by designing components that
approximate rigid bodies, some research begins to intentionally integrate compliance in flexible recon-
figurable systems [68, 80]. Compliance can reduce damage to the system in case of a crash, or can be
integrated to aid in interaction tasks.

Research gaps for fully actuated and omnidirectional aerial platforms are present in their design,
modelling, control, and experimental evaluation. Since fully actuated systems are relatively new, the
complexities of these new morphologies need to be carefully evaluated, particularly in the context
of their control. Tilt-rotor systems have a high-dimensional actuation space which is vulnerable to
configuration-dependent singularities. The identification, evaluation and robust handling of these con-
ditions is an ongoing topic of research. Additional actuation also leads to a large number of actuation
inputs to control a limited number of degrees of freedom, meaning that different combinations of actuator
commands can result in the same motion or force generation of the aerial system. This over-actuation
creates an opportunity to optimize control inputs based on secondary criteria such as efficiency or agility.

1.1.2 Aerial Physical Interaction

In parallel with the development of fully actuated aerial robots, the demand for aerial robotic workers
for a wide range of physical interaction applications has been steadily gaining the attention of research
communities, industry, and the general public [75, 97]. Aerial manipulation has had a strong practical
appeal in research and industry for its promise to extend interactive and dexterous automated tasks to an
unbounded workspace. Aerial robotic tasks can take on many forms, from the transportation of objects,
to force application and modification of the surrounding environment.

The first major topic addressed in aerial manipulation was the pick-and-place of objects with quad-
rotors, including the design of a gripping system and the modelling and control methods required to
handle a variable payload [3, 67]. Similar work was occurring at the same time by Pounds et al who
investigated aerial transport and manipulation with autonomous helicopters [84, 85]. Helicopters at time
had the advantage of a much larger payload capacity and flight time, a gap which is closing as battery
and actuator technology improves. Higher payload demands have been addressed through collaborative
transportation of objects by a team of coordinated MAVs [72, 105, 112, 117], and by the creation of
much larger multi-rotor platforms [65, 76]. In the context of pick-and-place tasks, the major challenges
for aerial manipulation are in precision for successfully grasping an object, and control of the platform
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Figure 1.6: State-of-the-art in aerial physical interaction. (a) A fully actuated aerial manipulation platform equipped
with a force sensor at the end effector point from LAAS-CNRS [71], (b) an omnidirectional MAV with rigidly mounted
end effector from SNU in Seoul [79], and a UDT aerial system with an actuated end effector from the University of
Twente [131].

with an added payload. Neither of these problems require full actuation of the flying base, but may
require an arbitrary pose of the gripper. Several systems have been developed to address the problem of
underactuation by adding DoF in a manipulator arm with semi-static movement to reduce the dynamic
complexity [97]. For underactuated aerial platforms which are able to control their position and yaw
angle, a manipulator with at least two rotary Dok (e.g., a gimbal mechanism) is required to track a six
dimensional (6D) end effector trajectory.

A more recent topic in aerial interaction is sustained contact and force application on the environ-
ment, which we refer to as aerial physical interaction. In this case the dynamics of the aerial system
are coupled to the environment through physical contact. Techniques for ground-based [8, 132] and
underwater [58] mobile manipulation matured in research before aerial robots first took flight. Now
commercially used in manufacturing, these fields continue to develop in new research directions, partic-
ularly in autonomy for unstructured environments [11]. While some of these methods can be directly
translated to aerial systems, a new set of challenges exists for interactive flying robots. Aerial physical
interaction control has been demonstrated on several UDT aerial systems equipped with a manipula-
tor [4, 107, 131], though the lateral force magnitudes and disturbance rejection capabilities of these
systems during contact are limited due to the coupled rotational and translational dynamics of an under-
actuated flying base. Recent work by Lee et al used a model predictive control (MPC) approach with a
UDT aerial system to open a door [60]. The task was performed successfully when the system was lim-
ited to low contact forces and slow lateral motion. While UDT systems may be ideal for pick-and-place
tasks that require efficient transport of static payloads, sustained physical interaction in the presence of
environmental disturbances is a task better suited for fully actuated aerial systems.

Figure 1.7: Challenges in traditional bridge inspection: (a) a floating platform is used to support a truck inspecting the
underside of a bridge, and (b) an inspection truck with a lifting platform requires lane closure and frequent repositioning,
while workers lift inspection equipment repeatedly above their heads for the duration of the work.
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A compelling and urgent example of the need for aerial physical interaction presents itself in the do-
main of industrial contact inspection, which has been a motivating interest in research and industry
alike. The status of aging concrete infrastructure is a growing concern due to the rising amount of re-
quired inspection, and a lack in capacity to meet the need by traditional means [7]. While embedded
sensors in concrete structures are an ideal solution, this technology is only emerging now, and the next
best approach in risk reduction for existing infrastructure is to perform early inspection. Early inspection
promises a more efficient and intelligent approach to long term maintenance, and a great cost savings
when combined with automation. Technologies for non-destructive testing (NDT), such as potential
mapping, permit detection of corrosion far earlier than visual assessment [6], but require sustained con-
tact between the sensor and structure. As a result, these inspection methods require extensive human
labour, road closure, and the use of large supporting inspection equipment, which is met in the worst
case with insufficient maintenance budgets and shortages in qualified staff. The examples in Fig. 1.7
illustrate the costs and negative impact of inspection on both road users and inspection workers.

MAVs have been embraced as a solution for efficient visual inspection of infrastructure [25], and
extending their capabilities to perform contact inspection is the next obvious step, which also comes with
a new set of challenges. We now demand the aerial robot to carry an additional (and often substantial)
sensor payload and to exert precise forces on the environment in any direction, while at the same time
rejecting other sources of disturbance. Fully actuated aerial robots are an ideal candidate for this realm of
applications. In addition, new developments in inspection sensor technology have spawned several small
and light-weight devices which make MAV-based inspection a feasible reality [51, 83, 120, 124]. The
combination of these emerging technologies leads to a promising new system architecture which is able
to tackle the combined problems of interaction force control and disturbance rejection on an autonomous
MAV.

The recent development of fully actuated aerial robots ensures that the flying base is capable of ex-
erting an arbitrary contact wrench on the environment. If the system itself is omnidirectional, then a
rigidly mounted end effector extension is sufficient for 6D end effector trajectory tracking and interaction
with and arbitrarily oriented environment. This approach has been demonstrated for fixed rotor [79] and
unconventional morphologies [135]. In the work of Park er al [79], impressive demonstrations of aerial
drawing, down-force application, and haptic peg-in-hole teleoperation were achieved. The work of Zhao
etal [135, 137] has demonstrated the ability of a multi-link reconfigurable flying robot to slide open the
cover of a hatch and pass through the opening. A system that is fully actuated but not omnidirectional is
able to track a 6D end effector wrench, but requires additional degrees of freedom for full pose tracking.
Several novel manipulators have been installed on fully actuated fixed rotor systems to enable full pose
tracking at the end effector [74, 113, 114, 120]. Staub et al demonstrated robotic manipulation of an
object connected by a hinge joint to the environment [114] as well as co-manipulation of an object in
collaboration with a ground-based manipulator [113]. Push-and-slide contact inspection of a non-planar
pipe surface was experimentally demonstrated by Tognon ez al [120] with the addition of a two DoF
open-chain manipulator, while Ollero ef al demonstrated pipe inspection with a manipulator having one
unconstrained rotational DoF and longitudinal compliance.

State-of-the-art push-and-slide control approaches for fully actuated systems vary in implementa-
tion: One approach uses cascaded PID control in free flight, switching to angular rate stabilizing control
when in contact [131]. Another method implements a dislocated proportional-derivative (PD) control
law for an elastic jointed manipulator model, with integral action in all directions except along the tool’s
axis of contact [120]. A further approach tracks a pose trajectory on SE(3) in free flight, and switches
to hybrid pose-wrench control when in contact [79]. Impedance control has been implemented on UDT
aerial manipulators [63, 95], without omnidirectional force capabilities.

Handling of external disturbances and contact forces requires their observation, and has been suc-
cessfully achieved on flying systems using momentum-based approaches [96, 122]. Tomic et al further
developed methods for model-based force estimation that discriminates contact forces from those caused
by wind disturbances [123]. Several omnidirectional MAVs have performed contact inspection tasks on
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industrial structures [74, 120] without direct (closed-loop) force control. Implementations of direct
force feedback on aerial systems have only emerged within the time-frame of this thesis, incorporating
a force sensor mounted at the end effector. In the work of Nava et al , an optimal control approach
uses force sensor readings to take advantage of contact forces in task execution [71], and in the work
of Tzoumanikas et al , a UDT system incorporates sensed contact forces in an MPC formulation for
aerial writing [127]. Methods for direct interaction force control of fixed-base manipulators are well
established [56, 87], typically switching controller modes when contact is detected. Switching con-
trollers, however, are particularly unsuitable for flying systems due to the increased difficulty of contact
estimation for a floating base in the presence of external disturbances. Recent improvements for force-
controlled manipulators such as intelligent collision detection [44] and handling of contact loss during
force control [106] are increasing commercial adoption. We can look to state-of-the art manipulator
control techniques as inspiration for the control of newly capable fully actuated flying systems, keeping
in mind the fundamental differences of a floating base system.

Aerial physical interaction with fully actuated vehicles presents new opportunities in the exploration
of passive controllers with stability guarantees. A passivity control approach has been applied to a
fully actuated aerial system for the first time by Rashad et al using energy-tanks in a port-Hamiltonian
formulation [90, 91]. Previously, passivity control techniques have been applied to UDT systems [I,
133], and extensively on fixed-base manipulator arms [32, 36, 108].

At the start of this thesis work, a research gap in aerial manipulation platforms was present where
omnidirectionality meets high force and torque capabilities, providing task versatility without the need
for an actuated manipulator arm. Such a system maintains the simplified system dynamics of an om-
nidirectional flying base without compromising disturbance rejection capabilities. For control of fully
actuated aerial manipulators for physical interaction, many methods have yet to be explored. We see the
need for a controller that is used for all situations without reliance on explicit handling of contact tran-
sitions. A transition-tolerant controller will be essential for real-word interaction and situations where
accidental contact should not compromise the task performance. Direct force feedback on an omnidirec-
tional aerial manipulator had not been implemented at the beginning of the present work. While a few
examples now exist in literature, there is plenty of opportunity to implement previously developed force
control methods on aerial systems for the first time, as well as entirely new control methods that address
the specific qualities of aerial robots and their interaction with any object or environment.

1.1.3 Macro-Micro Aerial Manipulation

With ultimate goal of performing complex manipulation tasks quickly and precisely in remote or dan-
gerous environments, fully actuated aerial robots provide a strong basis on which to develop a new breed
of interactive aerial workers. As these platforms are deployed into realistic environments, the effects of
real-world disturbances on the system and implications on task performance must be taken into account.
For omnidirectional robots with a fixed manipulator arm, any disturbances to the base are simultaneously
present to the end effector point, and the position error of the end effector may be magnified by rotational
error at the flying base. Fast end-effector operations may also demand dynamics higher than the floating
base’s actuation capabilities, leading to reduced performance or instability depending on the controller
that is implemented. These drawbacks can be addressed by integrating local dynamic motion of the end
effector relative to the flying base within the platform’s “infinite” workspace. Commonly referred to
as the macro-micro manipulator model [109], it is sufficient to design a manipulator workspace and
dynamics that can compensate for the natural fluctuations of the aerial base while providing a margin for
task-specific dynamic motion.

To extend manipulation capabilities and overcome actuation limits of uni-, multi- and omnidirectional
thrust vehicles, different serial manipulator designs, in single or double arm configuration, have been
proposed [116, 120, 124]. To improve end effector precision for point-contact tasks, UDT aerial vehicles
have been equipped with parallel manipulators for operations below [26, 43, 54] or beside [31, 39, 40,
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Figure 1.8: State-of-the-art in macro-micro manipulation. (a) A UDT system with horizontally mounted parallel ma-
nipulator for aerial drawing from Imperial College London [127], (b) a UDT system with downward facing parallel
manipulator for aerial repair from Imperial College London [26] and (c) a fully actuated system without omnidirec-
tional flight equipped with a six DoF parallel manipulator from Purdue Polytechnic Institute [86].

127] the flying robot. A fully actuated aerial system with a six DoF parallel manipulator mounted on
top of the system is under development at Purdue Polytechnic Institute [86]. Some examples from the
state-of-the-art are shown in Fig. 1.8.

For parallel aerial manipulators in literature up to this point, the manipulator has been considered as
a pure kinematic system and controlled with a standard inverse kinematic method to compensate for the
positioning errors of the aerial platform. Dynamic coupling effects between the arm and the flying base
are considered negligible, and are compensated by the aerial platform using the disturbance rejection
capabilities of robust position controllers. This kinematic approach simplifies the control strategy, but
performance degrades when rapid motions of the end effector are required, and neglected dynamics of
the manipulator gain significance. In extreme cases, these dynamics could lead to instability of the
system.

For systems incorporating a multi-DoF arm on a flying base, different control strategies have been
designed to handle the actuation redundancy. A baseline approach has been demonstrated through fully
decoupled control of the base and end effector [26, 127]. More sophisticated control techniques have
been applied to fully actuated serial aerial manipulators including flatness-based [119] and full-body
control [71].

In light of the current state-of-the art, a parallel manipulator mounted to a fully actuated or omnidi-
rectional flying base has not been realized. Besides this, a research gap exists in incorporating parallel
manipulator dynamics in control methods for floating base systems. In general, most aerial manipula-
tion tasks have been performed slowly in a semi-static manner. Following the development path of fixed
manipulators, incorporating dynamic movement in aerial manipulation tasks will lead to many exciting
new opportunities in aerial physical interaction.

1.2 Contributions

The major scientific contributions of this dissertation are collected in two conference papers [14, 15] and
three journal papers [5, 16, 17] as shown in Table 1.1. Reflecting the general architecture of this thesis,
Section 1.2.1 describes contributions as they relate sequentially to the presented chapters. Following
this, Section 1.2.2 details these contributions in the context of each source paper.

1.2.1 Overall Contributions

Contributions to the state-of-the-art as they relate to the chapters of this document are categorized in the
topics of modelling, control, design, and experimental results.
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Modelling

Modelling of MAVs is typically a simple affair considering a single rigid body with static transformations
that relate propeller forces and torques to the center of control of the platform. With tilt-rotor systems,
we advance to a dynamic multi-body system. Whether or not these dynamics are significant enough to
consider, omnidirectional flight with tilt-rotor systems brings with it a new set of singularity conditions,
which we consider and evaluate in this work. Design of novel omnidirectional aerial systems can take
many morphological forms, and optimization over the entire range of possibilities is a daunting task.
In our work we carefully select a set of parameters for omnidirectional tilt-rotor systems and present
an optimization framework for morphology optimization and evaluation. The resulting platforms
motivate the morphology choice for a novel omnidirectional M AV with versatile and highly dynamic
performance capabilities.

Aerial manipulators have been considered in the past as dynamic multi-body extensions of a flying
base. Parallel aerial manipulators have also been presented in literature, but their dynamics are neglected
due to their low mass and relatively small movements. As we aim to push the end effector speed and
precision for a parallel aerial manipulator, we develop a model to incorporate the dynamic effects of a
floating base aerial manipulator. The addition of a manipulator arm on the omnidirectional system is
a non-trivial design task. In a compromise between inertial effects and the end effector workspace, we
pose a second optimization problem to select the geometric parameters for a delta manipulator.

In summary, we present the following contributions on the topic of modelling:

* Identification and evaluation of singularities of an omnidirectional tilt-rotor MAV. [14]
* A tilt-rotor morphology optimization strategy to balance competing performance objectives. [5]

* Formulation of the dynamic model of a floating base parallel manipulator, proposing relevant
model simplifications validated by real experiments. [17]

Control

With the new field of fully actuated and omnidirectional aerial robots come new opportunities in control
of MAVs in 6 DoF. For tilt-rotor systems, we extend the state-of-the-art, taking singular conditions
into account in the control framework, in order to mitigate their negative effects. We further explore
aerial interaction and disturbance rejection with the development of a 6 Do axis-selective impedance
controller. Considering the transition between free flight and contact, we integrate distance and direct
force sensing into the control framework to improve task performance in contact and more effective
disturbance rejection in free flight, in a hybrid force-impedance control strategy. With the addition of a
position-redundant manipulator on the omnidirectional flying base, we incorporate parallel manipula-
tor dynamics and compensate these effects in the base controller. In summary, we present the following
contributions on the topic of control:

* Actuator allocation strategies for avoiding the singularities of the tilt-rotor system. [5, 14]
* A 6 DoF axis-selective impedance controller for a fully-actuated flying system. [15]

» Hybrid force-impedance control in the form of direct force control combined with variable axis-
selective impedance control for an omnidirectional aerial system. [16]

* Control structure that integrates dynamic effects of an active manipulator with a feed forward
dynamic compensation term. [17]

Design

In order to demonstrate the theoretical capabilities of a flying robot concept in real flight experiments, a
representative and reliable physical system is essential. A significant amount of the effort put into this
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thesis was in the design and construction of several omnidirectional tilt-rotor systems, including the
complete mechanical design and selection and integration of components for power, actuation, and com-
putation. Fully on-board computation, power, and sensing are integrated, as well as a rigidly mounted
arm with an integrated 6-axis force-torque sensor for aerial physical interaction. A collection of system
design considerations presented over the contributing papers incorporate novel elements for tilt-rotor
aerial manipulation systems. In summary, we present the following contributions on the topic of de-
sign, which support contributions in control and experimental evaluation:

Design and prototype of a novel omnidirectional MAV with highly dynamic capabilities, while
maintaining high efficiency in hover. [14]

The integration of a rigid manipulator arm, with direct force sensing at the end effector, and a
platform capable of on-board computation, power, and sensing. [15, 16]

Design considerations and prototype for the first implementation of a delta parallel manipulator
on an omnidirectional flying robot. [17]

Hardware implementation considerations, as a resource for designing new omnidirectional sys-
tems. [5, 14-17]

Experimental Results

Experimental contributions are important for validation of the proposed control techniques, including
quantification of tracking error and qualification of the system behaviour. In order to present a com-
parable and repeatable set of results, we perform, evaluate, and present multiple trials of the same
experimental flights. We further demonstrate that the system can operate outside of the controlled lab-
oratory environment with on-board sensing. In summary, we present the following contributions on the
topic of experimental results:

Experimental performance validation of the prototype system and controllers for a tilt-rotor om-
nidirectional MAYV in free flight. [5, 14]

Experimental validation of interaction control, and demonstration of the system as a viable plat-
form for contact-based NDT of concrete infrastructure. [15, 16]

Experimental validation of the macro-micro manipulator strategy showing the performance im-
provement of a delta manipulator over a fixed arm for 6D end effector trajectories. [17]

Experimental evaluation of manipulator dynamic compensation and resulting free-flight tracking
performance. [17]

1.2.2 Contributions by Paper

The contributions presented in the previous section are each published in the context of a conference or
journal publication. For further clarity, a brief summary and contributions from each paper are presented
below, and in Table 1.1.

Towards Efficient Full Pose Omnidirectionality with Overactuated MAVs [14]

This paper presents an omnidirectional tilt-rotor vehicle that can exert a wrench in any orientation while
maintaining efficient flight configurations, addressing the research gap of a robust system that combines
complete pose omnidirectionality and high hover efficiency. We present the system design, evaluate
its singularities, and develop a 6 DOF geometric control that is robust to these singularities. Flight
experiments further demonstrate and verify the system’s performance and capabilities.
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Publication | Contribution
Bodie-2018 | Design and prototype of a novel omnidirectional MAV.
[14] « Identification and evaluation of the system’s singularities.
Conference | Experiments: System validation and performance evaluation.
ISER 2018
Bodie-2019 |+ Novel design of an omnidirectional MAV with rigid manipulator arm.
[15] * 6 Dol impedance control approach with selective apparent inertia.
Conference |+ Experiments: interaction control, and validation for contact-based NDT.
RSS 2019
Allenspach-2020 | « A tilt-rotor morphology design optimization strategy.
[5] * Allocation strategy for 6 DoF tracking, with additional null space tasks.
Journal » Experiments with secondary tasks: singularity handling and unwinding.
SAGE IJRR
Bodie-2020 | e Direct force control combined with 6D axis-selective impedance control.
[16] « Statistical evaluation and comparison of results.
Journal
IEEE T-Ro
Bodie-2021 * Novel system: parallel manipulator on an omnidirectional MAV.
[17] * Dynamic model of a floating base parallel manipulator, simplifications.
Journal « Control structure to compensate dynamic effects of the arm.
IEEE RAL |+ Experiments: dynamics validation, disturbance rejection, tracking.

Table 1.1: Publication summary with corresponding contributions.

Contributions:

* Design and prototype of a novel omnidirectional MAV with highly dynamic capabilities, while
maintaining high efficiency in hover.

* Identification and evaluation of singularities of an omnidirectional tilt-rotor MAV.

» Experimental results confirm the system’s performance, and justify the additional complexity and
weight of tilt-arm mechanics.

An Omnidirectional Aerial Manipulation Platform for Contact-Based Inspection [15]

This paper presents an omnidirectional aerial manipulation platform for robust and responsive interac-
tion with unstructured environments, toward the goal of contact-based inspection. The fully actuated
tilt-rotor aerial system is equipped with a rigidly mounted end-effector, and is able to exert a 6 degree of
freedom force and torque, decoupling the system’s translational and rotational dynamics, and enabling
precise interaction with the environment while maintaining stability. An impedance controller with se-
lective apparent inertia is formulated to permit compliance in certain degrees of freedom while achieving
precise trajectory tracking and disturbance rejection in others. Experiments demonstrate disturbance re-
jection, push-and-slide interaction, and on-board state estimation with depth servoing to interact with
local surfaces. The system is also validated as a tool for contact-based non-destructive testing of con-
crete infrastructure.

Contributions:

* The system design of a novel omnidirectional tilt-rotor micro aerial vehicle (MAV) with a rigid
manipulator arm.
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* A 6 Dol impedance control approach with selective apparent inertia for a fully-actuated flying
system.

* Experimental validation showing precise interaction control, and demonstration of the system as
a viable platform for contact-based NDT of concrete infrastructure.

Design and Optimal Control of a Tiltrotor Micro-Aerial Vehicle for Efficient
Omnidirectional Flight [5]

(Shared first authorship with Maximilian Brunner and Mike Allenspach.)

This paper presents the design and optimal control of a novel omnidirectional vehicle that can ex-
ert a wrench in any orientation while maintaining efficient flight configurations. The system design is
motivated by the result of a morphology design optimization problem. A six DoF optimal controller is
derived, with an actuator allocation approach that implements secondary tasks, and is robust to singular-
ities. Flight experiments demonstrate and verify the system’s capabilities.

Contributions:

* A tilt-rotor design optimization strategy is presented and solutions are evaluated against state-of-
the-art systems.

* An allocation strategy is developed to prioritize tracking in 6 DoF, while completing additional
tasks in the null space of the over-actuated system.

* Experiments demonstrate tracking performance, with secondary tasks of singularity handling and
cable unwinding while tracking a full pose trajectory.

Active Interaction Force Control for Contact-Based Inspection With a Fully Actuated
Aerial Vehicle [16]

(Shared first authorship with Michael Pantic and Maximilian Brunner.)

This article presents and validates active interaction force control and planning for fully actuated and
omnidirectional aerial manipulation platforms, with the goal of aerial contact inspection in unstructured
environments. We present a variable axis-selective impedance controller which integrates direct force
control for intentional interaction, using feedback from on-board force and distance sensors. The control
approach aims to reject disturbances in free flight, while handling unintentional interaction and actively
controlling desired interaction forces. An omnidirectional tilt-rotor aerial system is used to show capa-
bilities of the control and planning methods. Experiments demonstrate disturbance rejection, push-and-
slide interaction, and force-controlled interaction in different flight orientations. The system is validated
as a tool for NDT of concrete infrastructure, and statistical results of interaction control performance are
presented and discussed.

Contributions:

* Hybrid force-impedance control (direct force control combined with variable axis-selective impedance
control) for any fully actuated or omnidirectional aerial system.

« Statistical evaluation and comparison of results.

Dynamic End Effector Tracking With an Omnidirectional Parallel Aerial Manipulator [17]

To address the challenge of precise, dynamic and versatile aerial manipulation, we present an aerial
manipulation platform consisting of a parallel 3 Dol manipulator mounted to an omnidirectional tilt-
rotor aerial vehicle. The general modelling of a parallel manipulator on an omnidirectional floating base
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is presented, which motivates the optimization and detailed design of the aerial manipulator parameters
and components. Inverse kinematic control of the manipulator is coupled to the omnidirectional base
pose controller with a dynamic compensation term, going beyond common decoupled approaches. This
presents a baseline for the control of redundant omnidirectional aerial manipulators. Experimental flights
show the advantages of an active manipulator vs. a fixed arm for disturbance rejection and end effector
tracking performance, as well as the practical limitations of the dynamic compensation term for fast end
effector trajectories. The results motivate future studies for precise and dynamic aerial manipulation.

Contributions:

» Extension of parallel aerial manipulators to an omnidirectional flying base, showing the perfor-
mance improvement over a fixed arm for 6D end effector trajectories.

» Formulation of the dynamic model of a floating base parallel manipulator, proposing relevant
model simplifications validated by real experiments.

» Formulation of a control structure that compensates dynamic effects of the arm with a dynamic
feed forward term, and experimental evaluation of the resulting free-flight tracking performance.

1.2.3 Comment on Collaborative Content

This thesis is written out in a classical form instead of a collection of papers to create a useful guide for
the development of omnidirectional aerial manipulation systems. This structure permits a logical overall
flow, and inclusion of important design content that has been omitted from publications due to limited
available space. Much of the content in this document is the fruit of the collaborative efforts of many
contributors.

Of the papers that form the main content of this thesis and are described in Section 1.2.2, two of the
journal publications have shared first co-authorship with two other collaborators. To present substantial
experimental contributions that are meaningful to the robotics community, the intense collaborative work
of several people magnified the success of these projects. This form of intense collaboration is important
in the field of robotics, and regrettably in the framework of academic publications it can be difficult to
assign appropriate credit for shared contributions. My contributions from these shared author works are
presented in this thesis, though some of them are truly shared work. More than acknowledgements, the
following statements aim to recognize the multiple contributors of the work presented in this thesis, and
where their credit is owed.

In the journal paper Design and Optimal Control of a Tiltrotor Micro-Aerial Vehicle for Efficient
Omnidirectional Flight, several related bodies of work in the lab were combined. The development of an
linear quadratic regulator with integral action (LQRI) optimal controller was the Semester Thesis work
of Mike Allenspach, supervised by Maximilian Brunner and I. Following this project, the three of us
worked collaboratively to bring the theory and preliminary results to paper-ready form, working out the
details of differential allocation in a modular way to enable fair comparison of a PID controller with
the same structure. Only results of the PID controller from this series of experiments are presented in
the present work. The morphology design optimization section is based on the Master Thesis of Luca
Rinsoz, supervised by myself and Zachary Taylor. I further extended this content with cost function
selection, graphical dissemination and interpretation of the optimization results, and comparison against
other platforms in literature using the same metrics.

In the journal paper Active Interaction Force Control for Contact-Based Inspection With a Fully Actu-
ated Aerial Vehicle, a large collaborative integration effort was taken on by Michael Pantic, Maximilian
Brunner, and myself, to integrate direct force sensing and local environmental feedback in an omnidi-
rectional interaction framework for the first time. Our shared effort was already present in the previ-
ous conference paper An Omnidirectional Aerial Manipulation Platform for Contact-Based Inspection,
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which also included content from the Master Thesis of Stefan Walser for a 6 Do’ impedance control
framework, supervised by Maximilian Brunner and myself. In the conference paper in particular, de-
velopment of the impedance controller was a shared effort. The major part of my control extensions
to integrate direct force feedback and distance sensing relied on work by Michael Pantic to read and
extract probabilistic distance normals from (and system integration of) a time-of-flight (TOF) sensor.
His local trajectory planning framework on mesh surfaces, a preliminary step towards his later work in
Riemannian motion planning on meshes [77], was critical to the major experimental contributions of
both papers. The concrete inspection content in the same papers was completed in close collaboration
with Patrick Pfindler from ETH’s Institute for Building Materials (IfB) under the guidance of Prof. Dr.
Ueli Angst. Born out of a shared ETH Grant between IfB and ASL, this ongoing concrete inspection
project offered continual meaningful applications of our research, and the cross-disciplinary integration
of innovative sensing equipment into our robotic technology.

Several other student projects closely related to this body of work are included in the thesis content.
Having set the content and closely guided these projects, their contributions belong collectively with the
supervisors and the student. The initial prototype of the delta parallel manipulator and its design opti-
mization which contributed to the journal paper Dynamic End Effector Tracking With an Omnidirectional
Parallel Aerial Manipulator is based on the Masters Thesis of Andrea Eusebi, supervised by myself and
Christian Lannegger. The innovative infinite-rotation tilting mechanism presented in Chapter 6 is based
on the Semester Thesis of Philipp Goldlin, supervised by myself and Mina Kamel.

Many other student projects which I supervised are not represented in this thesis, as the work was not
directly related to the content, or in a sufficiently mature state. Excellent efforts made on behalf of the
students is still greatly appreciated, and while not present in this work, many efforts have contributed
to the work of other lab members and groups. A full list of student projects under my supervision is
presented in Section 8.5.

A final statement on collaborative content goes to recognize the innovative work of the eleven bach-
elor students who took part in the Voliro focus project, who conceived of the design and realized the
first tilt-rotor hexacopter prototype at ASL. Their high intensity effort over nine months resulted in a
valuable proof of concept for this type of omnidirectional system, and their successful demonstration
led to the continued development of omnidirectional tilt-rotor platforms and further extensions to aerial
manipulation at ASL.

1.3 Organization

This thesis is organized to guide the reader through the topic of omnidirectional aerial manipulators
from the basic problem definition to the full realization and integration of an aerial robot. Starting with a
review of background material that primes the reader to follow the remaining content, we reflect on the
problem definition of aerial physical interaction tasks, and what they require from an aerial robot that
is recruited to fulfil these tasks. The following chapter presents the modelling of aerial systems, from a
single rigid body simplification to a multi-body flying base, and a mounted parallel manipulator structure.
The models developed here are then used in the following chapter for model-based control in 6 DoF,
which further considers interaction control, and the control of a position-redundant aerial manipulator.
With theoretical components in place, the next chapter shifts to design of the prototype system, providing
the reader with the tools to create an equivalent or novel platform. The next chapter present a series of
experiments which use the prototype to validate the control approaches from Chapter 5. The final
chapter draws conclusions on the body of work presented here, and aims to inspire the reader with
exciting areas of future work. A graphical overview of the document’s organization is presented in
Fig. 1.9, and details of the main content in each chapter are presented below.

16



1.3 Organization

DU

[ Background@ @ Introduction
A4 I

5
OMAV APhI APM
Problem Omni- Aerial Redundant
Definition directional Physical ' |Aerial Parallel
Base Interaction Manipulator
~
>
Modelling
J
{ N
>
Control
J
N
>
Prototype
Design
N
<
Experiments <
J
L J

v

Conclusion

Figure 1.9: Chapter overview of thesis.

Background

The first chapter lays the basis for notation and concepts that will be revisited through the following
chapters. A section on kinematics reviews motion properties for rigid bodies, and their application in
developing kinematic models of rigid multi-body systems. These primary concepts will be used for
modelling and control.

Problem Definition

Starting with a general problem definition, we define key requirements of aerial physical interaction
tasks, the type of tasks that may emerge as this field grows, and the tasks that we aim to target in this
body of work. Following this, we present key properties of aerial systems, how these capabilities align
with requirements of a task, and how these properties can be represented and measured. We consider the
capabilities of various morphologies of fully actuated flying robots and manipulators. Finally, we reflect
on the research objectives of the present thesis.
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Modelling

Beginning with the simple model of a rigid body flying base, we develop a general system model
that incorporates disturbances, interaction forces, and model errors. Next we develop an aerodynamic
model of the system, stating the assumptions of our system, and a joint model tilt-able rotor groups
and actuated manipulator joints. The aerodynamic actuation wrench is developed and its properties are
examined. An optimization problem is formulated to select parameters for the general tilt-rotor model,
comparing the results of several cost functions to other fully actuated systems in literature. Increasing
complexity, we develop the model of a full tilt-rotor aerial system, and its extension to aerial interaction
with a fixed manipulator. Finally we present the model of a delta parallel manipulator mounted to an
omnidirectional flying base. A second optimization problem is formulated to select the parameters for
a delta parallel manipulator, using a genetic algorithm. The detailed model of the parallel structure is
considered as well as a set of simplifications to significantly reduce the model’s complexity.

Control

We develop control approaches for an omnidirectional flying base on SE(3), including the general
control structure and generation of the 6 DoF control wrench. More specific to the tilt-rotor model, we
present several methods for actuator allocation for the over-actuated flying system. With the integration
of a rigidly mounted manipulator on the flying base, we develop methods for interaction control, first
using an axis-selective impedance control method to enable compliant behaviour in the direction of
contact while rejecting disturbances along the remaining axes. Using a force sensed at the end-effector,
we then close a direct force feedback loop while in contact with the environment. Integration of a
distance measurement is used to create a smooth transition between free flight 